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ABSTRACT 



■ After carefully cross-identifying a previously discovered G ALEX- selected Lyman Break 

Galaxy (LEG) candidates one-to-one with their optical counterparts in the field of the CDF-S, 
we re-estimate their photometric redshifts using multi- wavelength data from UV, optical to 
NIR. With the consideration of their re-estimated photometric redshifts and SEDs, we refine a 

O . new updated sample of 383 LBGs at 0.7 < z ;^ 1.4 with two confirmed AGNs being excluded. 

260 and 111 LBGs are classified as starburst and irregular types. Ages of LBGs spread 
^ I from several Myr to 1.5Gyr with a median of ~ 50Myr. Their dust-corrected star formation 

^ rates (SFRs) and stellar masses (M^) are from 4 M© yr"^ to 220 M© yr"^ and from 2.3 x lO^M© 

to 4 X lO^^M© with median values of ~ 25M0yr"^ and ~ lO^^M©. The rest-frame FUV 
luminosity function of LBGs are presented with the best-fit Schechter parameters of a = 
> ■ -1.61 ± 0.40, M* = -20.40 ± 0.22 and 0* = (0.89 ± 0.30) x 10"^ Mpc"^dex-\ respectively. 

OO ■ LBGs of irregular types mainly distribute along the "main sequence" of star forming 

. galaxies while most LBGs of starburst types locate in the starburst region. Together with 

previous studies, we suggest that the star formation mode for LBGs at z > 3 is mainly starburst 
and it evolves to be more significant to the quenching mode after z ~ 3. A "downsizing" eff'ect 
CN . is clearly found with its physical implications and the comparisons with previous studies being 

■ discussed in detail. LBGs with larger SFRs are on average more compact. In the rest-frame 
I color (U - B)-M^ diagram, LBGs distribute in the "blue" cloud. We suggest that LBGs may 

evolve along the blue "cloud" from later to earlier types. 

HST images in F606W (V band) and F850LP (z band) are taken from the GEMS and 
GOODS-S surveys for morphological studies of LBGs. SExtractor and GALFIT are applied 
to get their morphological parameters. We establish an image gallery of 277 LBGs commonly 
^ I detected in both bands by visually classifying individual LBGs as types of "chain", "spiral", 

- ■ "tadpole", "bulge" and "clump", respectively. A morphological sample of 142 LBGs with re- 

liable results of Sersic and sizes in both bands is defined. We find that LBGs at z ~ 1 are 
dominated by disk-like galaxies, with their median sizes of 2.34 kpc and 2.68 kpc in F606W 
and F850LR Correlations between photometric and morphological properties of LBGs are 
investigated. Strong correlations between their half-light radii and M*, i.e., size-stellar mass 
relations, are found in both bands. Physical connections between correlations and the "down- 
sizing" eff'ect are discussed. 
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It is well established that massive g alaxies are results of 
mergers of sma l l one s dWhite & Prenyl 199 ll: ICole et all I2OOOI: 
ISomerville et al.l l200l l). Disks and ellipticals form due to gas 
angular momentum by tidal torques and through niergers 
among disks, respectively (e.g., IMo et al ] ll998l : lEfstathioullioOol : 
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Steinmetz & Navarrol ]2004. 



Govemato et"aD l2007l: ICroft et all 



2009: Scannapieco et al. 2009|). The epoch of maj or mergers ends 
atz - 2 for the brightest and most massive systems (Consehce et al. 
l2003l and the references therein). Although this hierarchical sce- 
nario of galaxy formation and evolution has archived great suc- 
cesses to explain a lot of observational phenomena in general, there 
still exist some poorly known fields, such as the role of AGN feed- 
back, star formation, morphological evolution, etc. D etails can be 
seen in the the recent review by Sil k & Mamonl (l2012h . 

Currently there are two regimes that we understand the 
global evolution of galaxies well. One is the local universe 
where disk and elliptical galaxies have been studied in very 
detail for se veral ten years (see iLongairl t2 006 for a de- 



2009; 



201C 



tailed rev iew; Id e la Fuente Marcos & de la Fuente Marcoi 
Ivan Dokk um & C onrovl l2010l : iBell et all l2010l : iBoissiei 
'Xempel et al. 2011). Especially after the two-degree Field Galaxy 
Redshift Survey (2dFGRS, Colless et al. 2001) and the Sloan Dig- 
ital Sky Survey (SDSS, lYork et all l2000l) which provide huge 
multi-color and spectroscopic galaxy samples with big sky cover- 
ages, many important and global statistical results have been ob- 
tained and taken as the "zero points" to calibrate the paradigm 
of ga l axy formation and evolution as a whole (e . g . , iBlanton et al,| 



2003Ll2005l:lBlantor 



Chang et al.H2006l : 



mann et al. 2003 a,b; 



■20061: IShen et al.ll2003l: Ftem onti et al. 2004; 
Shao et all 120 07*: 'Salim et al. 2007; Kauff^- 



Kauff^mann et al. 2008; Abazajian et al. 2009; 



iLi et all l2008l : iLi & W hite 2009). Together with deep surveys, 
such as COMBO 17 feo lf etal. 2004) DEEP2 (Madgwick et aL 
l2003l : lDavis et al.ll2003h and COSMOS dScoville et al.ll2007l) . sam^ 
pies of more than 10"^ galaxies with either photometric or spec- 
troscopic redshifts from local to z ~ 1 have shown the pic- 
ture of gala xy evolution from half- age of the universe to the 
present dav (iBell et al.ll2004 l2006l: iBorch et al.ll2006l: iFaber et all 



200l iGerke et al.ll2007l: IConrov et al.ll2007l: IScoville et al.ll2007l:_ 
'Yan et al."2009"; "Jahnke et al.""2009'; "Salim et al.'"2009'; "Maier et al.' 
2009; Kovacetal. 2010; Coppaetal. 2010; Cucciati et al. 2010; 
ICooper etal.l l2011). 

The other is at high redshift (z - 2.5), where c olor- s elected 
samples of galaxies, pioneering by ISteidel et all (Il995h. have 
been established, such as Lyman b reak galaxies ( Adelberger et al. 
Il998h. sub-mm ga laxies dSmail et al. 2004) , distant red galaxies 
(lFranxetal.ll2003h and BzK galaxies ( Dad di et alJl2004h . For in- 
stance, more than 1000 Lyman break galaxies (hereafter LBGs) 
at z ~ 3 have been found and confirmed by the follow-up spec- 
trosco pic observati ons \y i th furth er studies ("Steidel & Hamilton] 
19931: ISteidel et al.1 Il996l: rPettini et al. 2000 : Jeplitz et al. 20o3; 



GiavaHscd[2002l : ISteidel et al.ll2003l) . Applying the Lyman break 



technique to diff'erent bands, star forming galaxies at diff'erent red- 
shift ranges are also successfully found. Wilkins et al. (2010), for 
instance, found 6 candidates of star forming galaxies at z ~ 7 by 
comparing images of the Y (980nm) band in WFC3 with those of 
z (850nm) band in ACS from the observations of Hubble Space 
Telescope (HST). Adopting the multi- wavelength imaging data of 
the European Southern Observatory (ESO) Remote Galaxy Sur- 
vey, iDouglas et al.l (l2009h established a sample of 257 LBGs at 
z ~ 5. Usin g B,V RJ\ and z' filters in the SUBARU deep field, 
lOuchietaLlBooi) compiled a large sample of 2600 LBGs with 
r < 27 at z ~ 4.5. Based on FUV and NUV data in the Galaxy 



Evolu tion Explorer ( GALEX) deep fields, Burgarella^eLalJ (12006 
l2007h obtained a very deep sample of LBG candidates at z~l 
cross-c orrelated with optical data from COMBO 17. .Nilsson et al.l 
(l2011ah analyzed slitless grism observatio ns by HST ACS for 15 
LBGs at z ~ 1 drawn from the sample of iBurgarella et al.l (l2007h 



and concluded that they are young while massive and dusty. Also 
based on GALEX data but cros s-correlated with optical data from 
SDSS, Haberzettl et al. (2009) obtained a sha llower sample of 
LBGs than that of Burgarella et al. (2006 j2007h at z ~ 1 with the 
sky coverage of 1 deg^. 

Between these two regimes, i.e., 1.5 < z < 2.5 named as the 
"redshift desert" (Steidel et al. 2004), man y eff'orts have been de- 
voted in recent years. IGenzel et al.1 (I200d 120081 |2010L 1201 ih . for 
instance, studied star forming galaxies at z ~ 2 according to the 
Spectroscopic Imaging survey in the Near-infrared with SINFONI 
(SINS) at ESO's Very Large Telescope (VLT). They found that 
disks appear at z ~ 2 with star forming regions being very clumpy. 
iHuang et"aD (12009*) established a sample of Ultra Luminous IR 
galaxies (ULIRGsfl at z ~ 1.9 by the selection of IRAC color 
criterion and claimed that ULIRGs at that redshi ft display vari- 
able morphologies in their rest-frame UV band. IConselice et al.l 
(2011) found that massive galaxies at 1.7 < z < 2.9 show the bi- 
modality in the color-magnitude space according to deep NIR sur- 
veys utilizing the NICMOS on HS T With the Photodetec tor Array 
Camera & Spectrometer (PACS) dPoglitsch et al.ll2010h oi^boar d 
newly launched He rschel Space Telescope (Pilbratt et al. '20101), 
iNordon et al] (|2010l ) investigated star formation rates of massive 
galaxies at 1.5 < z < 2.5 in the field of GOODS-N. By ana- 
lyzing both their SEDs from rest-fr ame UV to mid-IR and direct 
160 idm FIR observations by PACS JOteo et al.l (l2012h found that 
spectroscopically selected star-forming Lyof emitting galaxies at 
2.0 < z ^ 3.5 show ages mostly below 100 Myr with a wide variety 
of dust attenuations, SFRs, and stellar masses, and their morphol- 
ogy is suggested to range from bulge-like galaxies to highly clumpy 
system s. According to the Herschel observations, iMagdis et al.l 
(l2010b ) investig ated FIR proper t ies of mid-IR- selected ULIRGs 
at z ~ 2 and Bongiovanni et a n (l201Ql) studied FIR counterparts 
of selected Lyg emitters at z - 2.2 . By the NUV dropout from 
GALCT dataJBurgarella et all (1201 ih establis hed a sample of LBGs 
at z ~ 2 and analyzed their FIR luminosities. iNilsson etal.l(l2011bh 
studied Lyof emitters at z ~ 2.3 in the COSMOS field and found 
that their stellar masses are higher than tho s e at h igher redshift. 
Taking the similar method, iHaberzettl et al.l (l2012h established a 
sample of 73 LBG candidates at z ~ 2 recently, with the median 
stellar mas s of ~ 10^^ Mq and rn ost of them showing disk-like 
structures. iBasu-Zvch et al.l (1201 ih studied LBGs at 0.5 < z < 2 
based on observations in the Chandra Deep Field South (CDF-S) 
by the UV/Optical T elescope (UVOT) instrument on board Swift 
(iGehrels et all l2004l) together with multi-wavelength data. They 
found that their LBGs have stellar masses slightly lower than those 
at z ~ 3 and slightly higher than z ~ 1 CDF-S galaxies. 

So far, one of the key questions in galaxy formation and evo- 
lution, i.e., how galaxies evolve from high z to present day, arises 
after so many distant galaxies have been found. Most of the cur- 
rent studies focus on photometric properties, such as color, spec- 
trum features, size, mass and spatial clustering, to understand the 
connections between high- z and local galaxies . For instance, spec- 
tra of some bright LBGs (jPettini et al.ll2000l : iTeplitz et al.ll200Ql) 
are remarkably similar to those of local starbursts with their UV 
luminosities directly relating to the number of short-lived, mas- 
sive stars. Sub-mm observations reveal a population of FIR-bright 
galaxies that might be similar to local (Ultra) Luminous IR galaxies 
((U)LIRGsil (Blain 1999) . Based on the correlation length of clus- 
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tering. IShu. Mao & Mol (l200lh suggested that LBGs and SCUBA 
galaxies at z - 3 correspond to p resent-day bulges of disk galaxies 
(see also Giavalisco et al. 1996) and giant ellipticals, respectively. 
iHeck man et al. (2005) and Hoopes et al. ( 2007) suggested that lo- 
cal (z < 0.3) Lyman break analogs have si milar UV sur f ace b right- 
ness to high redshift LBGs, different from lScarpa etal.l (l2QQ7). 

Although most galaxies at high redshift must somehow be 
the progenitors of modem galaxies, that connecting specific high 
redshift pop ulations to low-redshift counte rparts remains a compli- 
cated issue JPelgado- Serrano et al.ll2010l) . Yet, we still have very 
little knowledge of when and how the modem Hubble sequence 
came into place. The direct way is to investigate morphologies 
of galaxies at diff'erent redshifts and compare with local galax- 
ies. It is not an easy task since it strongly depends on the reso- 
lutions and sensitivities of the observing facilities. Some observa- 
tions have shown that morphologies of galaxies at z > 2.5 appear 
very irregu lar, very diff'erent from local either ellipticals or disks 
dGiavalisco et al.l ll996). Familiar Hubble types are observed with 
pe rhaps similar comoving vo lume densities at z ~ 1 to those at z ~ 
dvan den Bergh et al.ll200Qh . Galaxies at high-z are characterized 
observationally by compact stmctures with high surface brightness 
in their central regions and are harder to detect their outer regions 
with lower surface brightness. So it is difficu lt to analyze th e ir mor - 
phological properties. As pointed out by Burga rella et al ] (1200 ih . 
only compact star forming regions could be easily detected in deep 
HST observations. 

In the present paper, we study the photometric and morpho- 
logical properties of LBGs at z ~ 1 in detail, adopting broad multi- 
wavelength data from UV, optical to NIR together with high qual- 
ity HST images from the Galaxy Evolution from Morphologies and 
SEDs (GEMS) survey and the Great Observatories Origins Deep 
Surv ey (GOODS). The prelim inary LBG candidate sample is taken 
from lBurgarella et aP (l2007l) . The structure of this paper is as fol- 
lows. The description of the worked sample is set in Sect. |2] De- 
tailed studies on photometric properties of LBGs are arranged in 
Sect. [3] HST images obtained from the GEMS and GOODS sur- 
veys and visual classifications are described in Sect.|4] Morpholog- 
ical properties are studied in Sect. |5] Correlations between photo- 
metric and morphological properties of LBGs are in Sect. |6]with 
conclusions in Sect.|7] 

Throughout the paper the "concordance" cosmology with 
Qq = 0.3 and Qa = 0.7 is taken. The Hubble constant is Hq = 
100 kms~^ Mpc~^ with h = 0.7 if needed. Under this cosmol- 
ogy, the luminosity distance Dl and the angular diameter distance 
Da are 6.607Gpc and 1.652Gpc, respectively at z = 1, with the 
size scale being 8.01 kpc arcsec"^ and the age of the un iverse being 
5.75G yr. Moreover, magnitudes are in the AB system ( Oke & GunnI 
Il983h and colors are given in the rest-frame unless otherwise stated. 



2 THE LBG SAMPLE 

2.1 Preliminary sample and photometric data 

The preliminary LBG candidate sample at redsh i ft z - 1 used in 
the present paper is described bv lBurgarella et al.l(l2007h (hereafter 
B07), and belongs to CDF-S. It can be briefly summarized as fol- 
lows. Based on the deep (76 444s) near ultraviolet (NUV) image 
available in GAL^X Release 2 (GR2) centered at or = 03^32"^30^7 
and 6 = -27°52'16".9 (J2000.0), and the deep (44 668s) image 
surve y (DIS) in far ultraviolet (FUV) also by GALEX dMartin et al.l 
l2005h . B07 cross-identified GALEX sources within a radius of 



2 arcsecs to their optical cou nterparts in the fi eld of 0.263deg^ 
overlapped with COMBO 17 dWolf et al.ll2004l) . LBG candidates 
are selected among sources with NUV < 26.2, taking the crite- 
ria Ft/V-A/^t/V > 2 and the photometric redshift data from 
COMBO 17 into account. Discarding objects classified in COMBO 
17 with the flags as 'Star', 'WD', 'QSO(gal)' and 'Strange Ob- 
ject', 420 LBG candidates, with the completeness of ~80% down 
to NUV ~ 24.8, are selected with their photometric redshifts from 
COMBO 17 between 0.9 and 1.3. Among them, two candidates 
have quadruple counterparts found in COMBO 17, 40 have pair 
counterparts and the other 378 have single counterparts individu- 
ally. Moreover, 62 among 420 LBG candidates have been detected 
in the 24yt/m MIPS image by Spitzer. Based on SED studies, B07 
obtained a median age of 250Myr and a median star formation rate 
of ~ 30Moyr~^ for their LBG candidates. A typical dust attenua- 
tion in FUV of Apuv ~ 2.5 is estimated for candidates with lAjim 
detections, while the other candidates without lAjjm detections dis- 
play less with Apuv ~ 1-8. Details can be foun d in B07. 

Note that the MUS YC catalog ( Cardamone et al.l20ld see be- 
low in this subsection for details), which is available more recently 
than COMBO 17, can be also adopted to select LBG candidates. 
If we replace the COMBO 17 catalog by the MUSYC catalog and 
take the same processes as B07, 442 LBG candidates are found with 
more than 85% objects common to B07. The difference is not sig- 
nificant for the statistical studies on the LBG population at z ~ 1. 
Moreover, taking the updated catalog of COMBO 17 (Wolf et al.| 
2008) into account, we find that more than 95% LBG candidates 
in B07 can still be selected as LBG candidates and the mean offset 
of the photometric redshifts is only 0.015. Although the MUSYC 
catalog covers more bands, the COMBO 17 catalog displays higher 
survey sensitivity and spectral resolution. We prefer to keeping the 
selection of B07 for the following studies. It should be pointed out 
that the sample of B07 is unbi ased, much deeper and more com- 
plete than their previous ones (Burgarell a et al ] 12006'). For more 
clarity, we plot the distribution of B 07 LBG candidates in the field 
of the CDF-S in the upper panel of Fig.[T] with diamonds "o" and 
circles "o", squares "□" and crosses "+" denoting candidates with 
single counterparts and multiple counterparts in COMBO 17, spec- 
tral data available from the MUSYC catalog and other previous 
studies, and AGNs respectively (see this section below). 

Image resolutions of UV and IR observations are too low, e.g., 
4.5" in FUV and 6" in NUV for GALEX, for us to investigate mor- 
phological properties of LBGs at z ~ 1. Optical images by HST 
are adopted for the morphological studies (see Sect. |5]for details). 
So, identifications of optical counterparts for individual LBG can- 
didates must be carefully performed. We start to re-do the cross- 
identifications of optical counterparts in the catalog of COMBO 17 
for LBG candidates, taking the same processes proposed by B07. 
Since the space resolution of GALEX is 2.55 arcsecs (B07) and 
the i ntrinsic astrometri c precision of COMBO 17 is about 0.5 arc- 
secs (IWolfetal.ll2004l) . together with the astrometric precision of 
smaller t han 0.2 arcsecs be tween the catalogs of COMBO 17 and 
MUSYC JCardamone et al . 2010, see below), an appropriate radius 
of 3 arcsecs is taken in the present paper for cross-identifications. 

Slightly diff'erent from B07, two LBG candidates in B07 with 
quadruple optical counterparts are found as one with four counter- 
parts and the other one with two counterparts in COMBO 17. One 
candidate with pair counterparts in B07 is found to have a single 
counterpart. For the other LBG candidates, we have the same re- 
sults of optical counterparts found in COMBO 17 as B07. To sum- 
marize, we find among 420 LBG candidates that 40 have pair, 1 has 
four and the other 379 (378 in B07) have single optical counterparts 
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Figure 1. (Upper panel) LBG candidates of B07 in the field of the CDF-S 
with diamonds "o" and circles "o", squares "□" and crosses "+" denoting 
candidates with single counterparts and multiple counterparts in COMBO 
17, spectral data available from the MUSYC catalog and other previous 
studies, and AGNs respectively. (Lower panel) Same as the upper panel but 
for the refined LBG sample (Sect. 12.3) except circles "o" denoting LBGs 
with no spectral data available (see text for details). 



in COMBO 17, respectively. In total, 463 optical counterparts are 
found. 

It is important to check the contamination of Active Galac- 
tic Nuclei (AGNs) in our LBG candidate sample. According to 
[Silverman et alj (l20ld) . based on optical spectra of X-ray sources, 
four confirmed AGNs are found among LBG candidates in B07, 
with UV IDs 81300, 39096, 68162 and 69870. Their corresponding 
spectral redshifts are 0.688, 0.652, 0.979, and 0.972, respectively. 
These four AGNs are classified as LBG candidates with single 
counterparts above. Note that only three AGNs, which are among 
the above four, can be found in the Chandra 2 Ms CDF-S catalog 
(ILuo et al.ll2008Ll2010h . It means that the AGN fraction in our LBG 
preliminary sample is - 1%, which is a bit less than those of LBGs 
at z ~ 1.5 teasu-Zvch etal.ll201lh and z ~ 3 dSteidel et al.ll2003l : 



Table 1. The cross-identification results of optical counterparts in the 
COMBO 17 catalog and the correspondences in the MUSYC BVR catalog 
for 416 LBG candidates (see text for details). The first and second columns 
denote the number of counterparts of an LBG candidate and the numbers 
of LBG candidates found in COMBO 17. The third column denotes the 
results of cross-identifications from the COMBO 17 to MUSYC BVR cata- 
logs and the fourth column shows the number with the spectroscopical data 
available, respectively. 



counterpart(s) 


COMBO 


MUSYC 


Zspe 


single 


375 


351 


60 


pair 


40 


36 single 


9 






2 pair 


1 


four 


1 


1 single 


/ 


total 


459 


392 


70 



iLehmer et al ]|200i. Since we focus on photometric and morpho- 
logical studies for LBGs, they are excluded in the following part of 
the paper. So the number of LBG candidates becomes 416 with 375 
among them found to have single optical counterparts in COMBO 
17. 

Since cross-identifications are done within a radius of 3 arc- 
secs centered on the coordinates of individual LBG candidates, it 
can be reasonably assumed that counterparts of those 375 LBG 
candidates with only single counterparts are their "true" optical 
counterparts individually. For those candidates with more than one 
counterparts in COMBO 17, more accurate estimates of their red- 
shifts are needed for further identifications. To study in detail the 
photometric properties of LBGs at z ~ 1, FUV, NUV and more 
wavelength observations must be considered to re-estimate their 
photometric redshifts rather than simply taking the results from the 
optical catalog of COMBO 17 only (see subsection below). 

Thanks to the Multiwavelength Survey by Yale-Chile 
(MUSYC) BVR selected catalog which covers the field of the 
present study with multi- wavelength data available from optical to 
NIR together with several tens of sp ectroscopic data from other 
observations jCardamone et al The main features of the 

MUSYC BVR selected catalog are as follows. In the catalog, UB- 
VRI data are from ESO archive collected and calibrat ed as part 
of Ga BoDS (the Garching-Bonn Deep survey, Hildebrandt et alj 
l2006h and z-band data are from the Mosaic-II camera on the CTIO 
4m Blanco telescope (iGawiser et alJl2006l : FKvlor et al.ll2009h . H- 
band data are ob tained from Sofl on the ESO NTT3.6 telescope 
(IMov et al.l l2003) and JK-hmid data are from the ISPI camera also 
on the CTIO Blanco 4m telescope ( Tavlor et al. 2009). The IRAC 
data in four channels (3.6//m, 4.5//m, 5.8//m and 8.0yL/m) are from 
the Spitzer IR AC/MUS YC public Legacy in the ECDF-S (SIM- 
PLE) project toamen et al.ll201lb . respectively. Photometric red- 
shifts of individual objects in MUSYC are also listed. Note that 
the magnitude limit of the MUSYC BVR catalo g is R < 25.3, a 
bit shallower than COMBO 17 which is R < 26 iwolf et alJl2004l : 



Faber et al. 2007|). D etails of the MUSYC BVR catalog are referred 
to Cardamone et al] (l2010h . 

Aiming to extend the observational wavelength coverage of 
COMBO 17 for the photometric redshift re-estimates of LBG can- 
didates, we perform cross-identifications for the optical counter- 
parts of LBG candidates found in COMBO 17 to those in the 
MUSYC BVR catalog. The astrometric precision less than 0.2 arc- 
sees between two catalogs enables us to do cross-identifications 
without any multi-counterpart problems from the COMBO 17 to 
MUSYC BVR catalogs. Since the magnitude limit is a bit shal- 
lower than that of COMBO 17, less number of counterparts are 
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found in the MUSYC BVR catalog. Among 375 LBG candidates 
with single counterparts found in COMBO 17, 351 candidates are 
found with single counterparts and the rest 24 candidates are found 
without any counterparts in the MUSYC BVR catalog. For 40 LBG 
candidates with pair counterparts in COMBO 17, 2 and 36 can- 
didates are found with pairs and single counterparts available, re- 
spectively, while the rest 2 candidates are found with none coun- 
terparts. For the one candidate with 4 counterparts in COMBO 
17, only one counterpart is found in the MUSYC BVR catalog. 
Totally, 392 counterparts are found in the MUSYC BVR catalog 
among 459 counterparts in COMBO 17 for 416 LBG candidates 
in B07. There are 70 and 66 among these 459 and 392 counter- 
parts in the COMBO 17 and MUSYC BVR catalogs, respectively, 
with spectral data available from the M USYC BVR catalog, the K- 
selected catalog of | Tavlor et al and the recent work done by 

iNilsson etal.l(l2011al) ! 

Detailed results of the cross-identifications are summarized in 
Table[T] The first and second columns in Table[T]denote the number 
of counterparts of an LBG candidate and the corresponding num- 
bers of LBG candidates found in COMBO 17. The third column 
denotes the results of cross-identifications from the COMBO 17 to 
MUSYC BVR catalogs and the fourth column shows the number 
with the spectroscopical data available, respectively. 

2.2 Photometric redshifts of the preliminary sample 

As in the previous subsection, the preliminary LBG sample is se- 
lected in UV together with photometric redshifts from their opti- 
cal counterparts in COMBO 17. Most of the counterparts are also 
available in the MUSYC BVR catalog with NIR and IR data. The 
MUSYC BVR catalog covers observed spectral energy distribu- 
tions (SEDs) with more bands while the COMBO 17 catalog shows 
higher sensitivity and spectral coverage in general. Both of them 
provide good estimates of photometric redshifts globally. It is in- 
teresting to compare in Fig. |2]the photometric redshifts of the 392 
counterparts available in both the COMBO 17 and the MUSYC 
BVR catalogs. Although the global accuracies of photometric red- 
shifts for both catalogs are high, it can be found from the figure 
that many counterparts of the LBG candidates show significantly 
diff'erent photometric redshifts between two catalogs. 

It must be pointed out that FUV and NUV data which are 
adopted to select LBG candidates at z ~ 1 are not taken into account 
for redshift estimates in either the COMBO 17 or the MUSYC 
BVR catalog. So, it is worthy of re-estimating photometric redshifts 
for optical counterparts of LBG candidates individually, combining 
FUV and NUV data from B07 and data from MUSYC/COMBO 17 
together. 

We re-estimate photometric redshifts of individual counter- 
parts for LBG candidates b y fitting their observed SEDs to tem- 
plates by the code Hyper^ ( Bolz onella et al .11200 01 taking the ex- 
tinction law as Calzetti et al. (200^. The templates adopted are the 
BC03 ( Bruzual & Chariot 2003) templates with the assumptions of 
an exponentially decaying star formation history and a star for - 
mation time scales r for difi'ere nt tvpes (iBolzonella et al.! 2000l) , 
the mean SEDs of local galaxies fcoleman. Wu & Weedman|[l98Ql . 
hereaf ter CWW) an d the observed starburst templates of Arp220 
types (iHuang et al. ''2009). The spectral types (with the star forma- 
tion time scales r if available) and their corresponding SpT num- 
bers of diff'erent templates are listed in Table Irrespectively. 

^ http ://webast. ast. obs-mip .fr/hyperz/ 
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Figure 2. Comparison of photometric redshifts between zcombo from 
COMBO 17 and zmusyc from MUSYC for optical counterparts of LBG 
candidates commonly available in two catalogs, with the solid diagonal in- 
dicating where they would agree. 

Considering survey sensitivity (I Wolfetal.ll2004 l2008'). broad 
band data from COMBO 17 are preferred in the following studies 
although intermediate-band data would have favored a more ac- 
curate estimate of photom etric redshifts. M oreover, the calibration 
update of the COMBO 17 dWolf et al.l2008h has been taken into ac- 
count. For the 392 counterparts of LBG candidates available in the 
both COMBO 17 and MUSYC BVR catalogs (see Tableffl), we take 
data of 13 bands, i.e., FUV NUV U, B, V, R, I, z, J, H, K, 3.6yL/m and 
4.5/im (the latter two from IRAC), to fit their SEDs. For the rest 
67 counterparts available only in the COMBO 17 catalog, data of 7 
bands, i.e., FUV, NUV, U, B, V, R and /, are taken. Since dust emis- 
sion feathers are not taken into account for the BC03 templates, we 
have ignored 5.8yL/m and S.Oyt/m data of IRAC for the specific case 
of galaxies at z ~ 1 . 

As can be seen in Table 1, there are 70 among 459 optical 
counterparts of LBG candidates with known spectroscopic data. We 
compare their re-estimated photometric redshifts with their spec- 
troscopic redshifts in Fig. |3] Two counterparts with their UV IDs 
67958 and 59121 in B07 (IDs 56523 and 42593 in MUSYC) are la- 
beled in the figure as because of their unreliable spectroscopic 
redshifts due to very bad spectroscopic observations. To quantita- 
tively clarify, we list uncertainties of our re-estimated photomet- 
ric redshifts for LBGs candidates as a function of their apparent 
magnitudes in R-bmid in Table 3. The corresponding uncertainties 
for the specific case of LBGs candidates in the COMBO 17 and 
MUSYC BVR catalogs are also listed in the table. Four AGNs and 
two counterparts with bad quality in spectral observations are ex- 
cluded in the table. Here Az and 6z in the table are defined respec- 
tively as the average of (zp -Zspe)/(1 +^spe), i-e., the mean off'set of Zp 
to Zspe in a given magnitude range, and its corresponding standard 
deviation. The first column in the table lists the magnitude ranges in 
R-bmd. Columns 2-4 are results of Az and 6z for the present paper, 
the COMBO 17 (C) and the MUSYC (M) catalogs, respectively. 

It can be seen from the figure that our re-estimated photomet- 
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Table 2. The spectral types (with the star formation time scales r 
if available) and their corresponding SpT numbers of different tem- 
plates adopted for SED fittings, wit h BC03 d enoting templates from 
[Bmzual & Chariot (2003), CWW fr omlColeman Wu & Weedman ( 198^), 
Arp220 and Arp220-modifying from lHuang et al.l(l2009h . respectively. 



Spectral type (SpT) 


Templates 


T (Gyr) 


E(l) 


BC03 


1 


E(2) 


CWW 




SO (3) 


BC03 


2 


Sa (4) 


BC03 


3 


Sb (5) 


BC03 


5 


Sbc (6) 


CWW 




Sc (7) 


BC03 


15 


Scd (8) 


CWW 




Sd(9) 


BC03 


30 


Irr(lO) 


BC03 


oo* 


Irr(ll) 


CWW 




dusty (12) 


CWW 




Burst (13) 


BC03 


0* 


Arp220-modifying (14) 


Arp220-rebuilt 




Arp220 (15) 


Arp220 





* Note that r = oo and correspond to a constant star formation rate and a 
single burst, respectively. 

Table 3. Photometric redshift accuracies as a function of apparent mag- 
nitudes in R-bmd for LBG optical counterparts. The first column lists 
the magnitude ranges. Columns 2-4 are the averaged offsets of Zp to Zspe 
and their corresponding standard deviations Sz for the present paper, the 
COMBO 17 (C) and the MUSYC (M) catalogs, respectively (see text for 
details). 





Az,Sz 


Az, Sz (C) 


Az, Sz (M) 


R<22 


-0.021, 0.061 


0.014, 0.021 


0.002, 0.014 


22 < /? < 23 


-0.020, 0.063 


-0.014, 0.041 


-0.004, 0.024 


23 < < 24 


0.002, 0.061 


0.015, 0.089 


0.027, 0.074 


24 <R 


-0.067, 0.062 


0.082, 0.097 


0.017, 0.045 


total 


-0.017, 0.063 


0.009, 0.072 


0.010, 0.050 



ric redshifts of counterparts agree well with their corresponding 
spectral data if available, except two with unreliable spectroscopic 
redshifts. It can be also found from Table 3 that the averaged offset 
overall is -0.017 with its deviation of 0.063 for re-estimated photo- 
metric redshifts, comparable to those from the COMBO 17 and the 
MUSYC catalogs. For counterparts with R > 23, which contains 
half of spectral data available, the accuracies of our re-estimated 
photometric redshifts are better than those from the COMBO 17 
catalog and a bit worse than those from the MUSYC catalog, re- 
spectively. To further demonstrate the goodness of SED fittings for 
LBG counterparts, the distribution of reduced (P^r degree) is 
shown in Fig.|4l It can be found that most of SED fittings are good 
(X^ < 4) with a median value of 1.8 for x^- Together with Fig. [3] 
and Table 3, it can be concluded that our photometric redshift re- 
estimates are fairly good. Note that there are 15 counterparts with 
IsLTgQ x^ (> 10)' because most of them are very bright with small 
magnitude error bars, especially in NIR bands. Discussions of reli- 
ability for the SED fittings are in next subsection. 

As examples. Figs. \5\ and [6l show individually SED fittings 
of two LBG candidates without/with 24fim detections from B07, 
i.e., Blue-/Red-LBG candidates (see next subsection), respectively, 
available in both the COMBO 17 and the MUSYC catalogs. Their 
corresponding IDs in UV from B07 are labeled in the figures. In 
each figure one LBG candidate with (upper panel) and the other 




Figure 3. Comparison between re-estimated photometric redshifts Zp and 
spectroscopic redshifts Zspe for 70 LBG counterparts with available Zspe- 
The solid diagonal indicates where they would agree. Unreliable Zspe with 
their UV IDs of 67958 and 59121 (IDs 56523 and 42593 in MUSYC) are 
labeled as "*" due to their bad quality in spectroscopic observations. 
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Figure 4. The reduced distribution of SED fittings. 



one without (lower panel) spectroscopic redshifts are selected for 
clear comparison with their reduced x^ (not small), re-estimated 
photometric Zp and spectroscopic redshifts Zspe being labeled. They 
are classified as three starburst (SB) galaxies and an irregular (Irr) 
galaxy. The arrows in the figures are upper limits of the flux de- 
tections. The dashed lines are the extrapolations of template SEDs 
since 5.8yt/m and 8yum data of IRAC are not taken into account dur- 
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Figure 5. SED fittings in solid lines for two LBG candidates having 24/im 
detections (Red-LBGs) with IDuv, ^p, ^spe. arrows and dashed lines denot- 
ing their IDs in UV from B07, re-estimated photometric redshifts, spectro- 
scopic redshifts, upper limits of the flux detections and the extrapolations 
of the SED fittings. The upper and lower panels are for candidates with and 
without spectroscopic redshifts, respectively (see text for details). 
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Figure 6. Same as Fig.[5]but for two LBG candidates without 24 jum detec- 
tions (Blue-LBGs, see text for details). 



ing SED fittings. Together with Table 3 and Figs. [3] & ID it further 
shows that our results of SED fittings for LBG candidates are good. 

Comparisons of photometric redshifts (replaced by Zspe if 
available) between our re-estimated results with those in the 
COMBO 17 and available in the MUSYC catalogs are interest- 
ing and shown in Fig. [7] It can be clearly found that there exist 



Figure 7. Comparisons of photometric redshifts (replace by Zspe if avail- 
able) between our re-estimated results with those in the COMBO 17 and 
available in the MUSYC catalogs, respectively, with the solid diagonal in- 
dicating where they would agree. 



significant diflferences between our results and COMBO 17. Since 
we use broader coverage in wavelength, especially UV and NIR 
data, than COMBO 17 to estimate photometric redshifts, the qual- 
ity of our re-estimated Zp for the specific case of LBGs candidates 
at z ~ 1 should be better (see also Table 3). Moreover, the agree- 
ment between our results and MUSYC is better mainly because 
NIR data have been included in MUSYC. Note that there still are 
some outliers of LBG candidates between our re-estimated photo- 
metric redshifts and those from the MUSYC catalog (see the lower 
panel of Fig. [T]). After checking carefully, two sources (MUSYC 
IDs of 56523 and 42593) with their spectral redshifts Zspe > 2 in the 
MUSYC catalog have very bad quality in their spectroscopic ob- 
servations (see also Fig. [3]). For the other outliers with photometric 
redshifts higher than 1.6 or lower than 0.5 in the MUSYC catalog, 
they are either very bright or very faint in NIR bands compared to 
their optical magnitudes. This leads to over- or under-estimating 
their photometric redshifts if FUV and NUV are not considered as 
in the MUSYC catalog. We conclude that the consideration of UV 
data really plays an important role in the determination of photo- 
metric redshifts for LBG candidates. 



2.3 Sample refinement 

The processes of selecting the "true" optical counterpart of an LBG 
candidate are as follows. There are 70 counterparts with spectro- 
scopic redshifts available from previous studies. We replace the 
photometric redshifts of 68 among these 70 counterparts by their 
observed spectroscopic redshifts except two with very bad spectro- 
scopic observations (see previous subsections). The counterparts of 
375 LBG candidates with only single counterparts are assumed to 
be their corresponding counterparts as discussed above. For a can- 
didate with pair or four counterparts, their re-estimated photomet- 
ric/spectroscopic redshifts firstly and the reduced during SED 
fittings secondly are considered for its "true" counterpart selection. 
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Figure 8. The distributions in histograms of the re-estimated (soHd) and 
the original photometric redshifts from COMBO 17 (dashed) for the LBG 
candidates with the dotted histogram denoting results from MUSYC. 

If only one counterpart with photometric redshifts/spectroscopic is 
within the range 0.9 < Zp ^ 1.3, we assume this one to be the "true" 
optical counterpart of the candidate firstly, since the selection crite- 
rion of FUV - NUV > 2 strongly suggests that it biases to locate 
at z ~ 1. If more than 2 counterparts of a candidate with their re- 
estimated photometric redshifts or none of them are within the red- 
shift range, the counterpart with smaller is selected as the "true" 
counterpart. 

Now we have finished the determination of the "true" optical 
counterparts of all 416 LBG candidates selected by FUV -NUV > 
2 from the preliminary LBG sample of B07 with 4 AGNs being ex- 
cluded. The distribution of their re-estimated photometric (spectro- 
scopic if available) redshifts Zp is plotted as the solid histogram in 
Fig-in For comparison, the distributions of the original photometric 
redshifts from COMBO 17 and the results of 394 candidates from 
MUSYC are also plotted as the dashed and dotted histograms in 
the figure. It can be found that the re-estimated photometric (spec- 
troscopic if available) redshifts of all LBG candidates are between 
0.5 and 1.6, because of the selection criterion FUV - NUV > 2 
as expected. Almost two thirds of LBG candidates (268 of 416) 
are within the redshift range of 0.9 < Zp < 1.3 as B07. The num- 
bers of candidates are 339 and 387 within the redshift ranges of 
0.8 < Zp < 1.4 and 0.7 < Zp < 1.4, respectively. 

Although the goodness of SED fitting is parameterized by 
we need to check the reliability of individual LBG candidates one 
by one, especially for 15 objects with;^^ > 10. We find that 399 
among 401 LBG candidates with < 10 display reliable SED 
fittings except two candidates (UV IDs of 64312 and 75583) with 
their resulted Zp of 0.883 and 0.802 respectively, showing very un- 
certain photometric data. A candidate of UV ID 47588 with its 
resulted Zp = 0.930 and > 10 displays a very strange SED 
with a shape jump from FUV, NUV to U (FUV - NUV ~ 4 and 
NUV - t/ ~ -2.5). Since the error bars of its photometric data 
is ~ 0.25, it is hard to find a template to fit it reliably. Moreover, 
a candidate with its UV ID of 54502, Zp = 0.906 and;^^ ^112 



Figure 9. The redshift distributions of all LBGs and LBGs for morpholog- 
ical studies (see Sect.|5) as solid and dashed histograms, respectively. 

shows its SED with a bump between / and H bands and then drops 
very steeply from H band to 4.5yt/m. Together with its magnitudes 
in 5.8yL/m and 8.0yL/m which are much brighter than its magnitude in 
4.5yL/m, we suggest that its SED fitting is unconvincing. For the rest 
13 candidates with;^^ > 10, we find that their SED fittings are rea- 
sonable, together with the consideration of the extrapolations of the 
SED fittings to 5.8yL/m and S.Ofim. Their large values are because 
of small photometric error bars in individual bands. In total, 4 can- 
didates with unreliable SED fittings are discarded in the following 
studies. 

We define 383 LBG candidates with reliable SED fittings at 
0.7 < Zp ^ 1.4 to be our LBG sample at z ~ 1 for the further stud- 
ies below because of the following three reasons: (1) the Lyman 
limit, i.e., 912A, moves to 1550A at redshift 0.7, just away from 
the eff'ective wavelength of FUV, 1530A; (2) the Lyman limit leaves 
from NUV if redshift larger than 1.4; and (3) the uncertainty 6z of 
re-estimated photometric redshifts obtained above is about 0. 1 at 
z ~ 1. To clarify and easily compare, we plot the distribution of 
LBGs in the field of the CDF-S in the lower panel of [T] with cir- 
cles "o" and squares "□" denoting LBGs without and with spectral 
data available from the MUSYC catalog and other previous stud- 
ies. Their redshift distribution as the solid histogram and the corre- 
sponding distribution of 142 LBGs for morphological studies (see 
Sect. |5] for details) as the dashed histogram are plotted in Fig. |9l 
respectively. 

Note that two AGNs would be included in the LBG sample if 
we only consider the color selection criterion and the redshift range. 
Comparing with lSteidel et all (l2003h and lLehmer et all toOSh , the 
AGN contamination (~ 0.5%) is smaller for LBGs at z ~ 1 than 
LBGs at z ~ 3 (~ 3%). It may imply that the connection between 
star formation activities and AGNs is stronger at higher redshifts 
for color selected samples. Moreover, we take the same criterion of 
with/without 24yum detections to classify Red-/Blue-LBGs as sug- 
gested by B07 in the present paper. For our LBG sample at z ~ 1, 
there are 324 (85%) and 59 (15%) Blue- and Red- LBGs, among 
total 383 LBGs, respectively. 
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Figure 10. The spectral type distribution of LBGs obtained through their 
SED fittings with the corresponding templates, i.e., SpT numbers, being 
listed in Table |2] The solid and dashed histograms denote all LBGs and 
LEG for morphological studies (see Sect.|5), respectively. 



3 PHOTOMETRIC PROPERTIES OF LBGS 
3.1 Spectral types 

To investigate the spectral type (SpT) of a galaxy through its SED 
fitting, we have to bear in mind that its resulted Zp and SpT during 
SED fitting are degenerated with each other. To check the relia- 
bility, we consider results of the second solutions of photometric 
redshifts Zp2 for individual LBGs. As expected, the reduced resid- 
uals of SED fittings for Zp2, named as;^2' of individual LBGs are 
always larger than;^^. More than 70% ofLBGs show;^2 larger than 
7.8. The median value of;^2 for LBGs is 16.7 while that of is 
L8. There are more than 80% and 70% of LBGs with;^^^ smaller 
than 4 and 3, while about 10% and 5% of them show xl smaller 
than 4 and 3, respectively. This means that the contamination of 
the degeneracy between Zp and SpT for LBGs is less than 5% in a 
"1 - cr" level. We further check spectral types of LBGs with;^2 < ^ 
when the second solutions are adopted. It is found that more than 
half of them still display the same types as obtained for the first so- 
lutions. We conclude that spectral types of LBGs obtained through 
SED fittings are reliable for the further studies below. 

The distribution of spectral types for LBGs is shown in Fig.lTOl 
as the solid histogram with the corresponding templates, i.e., SpT 
numbers, being listed in Table |2] It can be clearly found from the 
figure that LBGs in our sample are dominated by starburst galaxies, 
with 249 and 15 LBGs being classified as BC03 and Arp 220 types, 
respectively. There are 97 and 10 LBGs being classified as CWW 
and BC03 type irregulars. Moreover, 10 and 1 LBGs are classified 
as CWW type Scd galaxies and a CWW type Sbc galaxy respec- 
tively. The spectral type distribution is consistent with the selection 
of LBGs which must be star forming galaxies at z ~ 1. And it is 
also in consistence with that most of LBGs for morphological stud- 
ies are late type galaxies with their Sersic indexes smaller than 2 in 
Sect. [5]. 

Note that only one LBGs in our sample with its UV ID of 



Figure 11. The averaged rest-frame SEDs of LBGs in the SB group with 
the up and lower panels denoting results without (Blue-LBGs) and with 
(Red-LBGs) detection in 24//m by MIPS, respectively. 



74754 is classified as a BC03 type elliptical galaxy at Zp = 0.834 
with the age of ~ IGyr. The reduced of its SED fitting is 7.68, 
relatively larger than most LBGs but still acceptable. Its star forma- 
tion rate and stellar mass are 22.9 Moyr"^ and 1.4 x 10^^ M© (see 
below). Note that its second solution of the SED fitting is not reli- 
able because of very large ;^2 ~ ^00 with Zp2 = L75. It is detected 
in both F606W and F850LP bands with its morphology being clas- 
sified visually as a "bulge" LBG (see Sect. Its Sersic indexes 
are of 0.7 and 2.2 with the similar sizes of ~ 5 kpc in two bands 
respectively (see Sect.|5]). It implies that the distribution of its star 
formation activity is extended while that of stars is compact. Since 
LBGs are selected according to their rest-frame UV luminosities 
(star formation activities), early type galaxies with star formation 
rates higher than the selection criterion can be selected as LBGs, 
although they are rare such as only one in our sample. 

To investigate statistical properties of diff'erent spectral types 
in the following studies, we always divide LBGs into the "star- 
burst" (SB) group for starburst type LBGs, the "irregular" (Irr) 
group for irregular type LBGs and the "S+E" (EST) group for spi- 
ral and elliptical type LBGs. Note that spectral types are later to 
earlier from the SB, Irr to EST groups. The numbers of LBGs are 
264 (227 blue and 37 red), 107 (92 blue and 15 red) and 12 (5 
blue and 7 red) for the SB, Irr and EST groups respectively. The 
fraction of Blue-/Red-LBGs decreases/increases from the SB, In- 
to EST groups, in consistence with spectral types obtained. Since 
the number of LBGs in the EST group is too small to have statis- 
tical significance, we mainly focus on the SB and Irr groups for 
statistical discussions and take the EST group for only illustration 
in the following studies. 



3.2 SEDs and UV luminosity function 

Because of the limitation of the paper space, we do not show SED 
fitting results of LBGs individually. Instead, we compile figures of 
SED fitting results for LBGs with images detected both available 
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Figure 12. Same as Fig.[TT]but for LBGs in the Irr group. 

in F606W and F850LP bands in Table 6, together with their IDs, 
morphological parameters and images (see Sect.|5]for details). 

The ages of LBGs spread from sever al Myr to 1.5Gyr with a 
median value of ~ 50Myr, comparable to Haber zettl et al ] (l2012h 
for LBGs at z - 2 andf apovich et al. (2001) for LBGs at z ~ 3. 
Similar to IShaplev et all ([2001), we find -10% of LBGs, clas- 
sified as SB t ypes, are with a g es yo unger than lOMyr which is 
diff'erent from iHaberzettl et all (l2012h for LBGs at z ~ 2. To be 
more specific, the median ages for LBGs in the SB and Irr groups 
are ~30Myr and ~800Myr, respectively. It is consistent with that 
ages of galaxies are younger generally for later types. Similar to 
B07, the median ages of Red- and Blue-LBGs are ~400Myr and 
~250Myr, respectively. Moreover intrinsic reddening of individual 
LBGs can be simply obtained through the adopted dust extinction 
law of ICalzetti et al.l ([^000). We find that the dust extinctions in 
their rest-frame FUV for Blue- and Red-LBGs show narrow distri- 
butions with the median values Apuv to be 1.7 and 2.5 magnitudes 
respectively, which is consistent well with B07. 

For easy comparison with observations, we plot the averaged 
SEDs in the rest-frame for Red- and Blue-LBGs, i.e., with and 
without 24yL/m detection, in the SB and Irr group at z ~ 1 in Figs. 
nn and [121 respectively. The mean observed data with error bars 
are also shown in the figures. Same as the previous section, data of 
the two reddest bands by IRAC, i.e., 5.8yL/m and Syt/m, are plotted to 
compare with the extrapolations of SEDs as dashed lines since the 
templates adopted do not consider the dust emission features. 

It can be found from the figures that LBGs in the SB group 
on average are brighter in their rest-frame UV than LBGs in the Irr 
group. This is consistent with that starburst galaxies are on average 
more active in star formation than irregular galaxies. Within each 
group, LBGs with 24yt/m detections, i.e., Red-LBGs, are on average 
brighter in their rest-frame NIR, i.e., on average more massive in 
their stellar masses, than LBGs without 24fim detections, i.e., Blue- 
LBGs (see also next subsection). 

Luminosities of individual LBGs in the rest-frame FUV can 
be estimated through their SEDs. As pointed out by B07, the com- 
pleteness of the LBG sample is 83% down to NUV = 24.5. To 



Figure 13. The rest-frame FUV luminosity function of LBGs at z ~ 1 as 
points with the solid and dotted error bars denoting the complete and in- 
complete parts, respectively. The best-fit Schechter function is plotted as 
the solid line. Result of B07 is as the dash-dotted histogram with error bars 
and the best-fit Sche chter function of NUV selected galaxies at z ~ 1 by 
lAmouts et al.l I (l2005l) is as the dashed line (see text for details). 



be more safe, we ado pt NUV = 24.2 as th e completion of the 
LBG sample (see also iBurgarella et aDl2008l) . which corresponds 

to the absolute magnitude M^gooA 19 ai z - 0.7. Based o n the 

widely adopted 1/Vmax method suggested by "SchmidJ (l2009l) and 
considering uncertainties of individual luminosity bins due to un- 
certainties of photometric redshifts, we obtain the rest-frame FUV 
(1800 A) luminosity function (LF) of LBGs at z ~ 1, which is 
shown as points in Fig. \T3\ simply taking the error bars as Pois- 
son statistics. Note that the points with solid and dashed error bars 
denote the complete and incomplete parts of LBG samp le respec- 
tively . Adopting the Levenberg-Marquardt method (see IZaninettil 
l2008h . we fit the rest-frame FUV LF of LBGs by a Schechter func- 
tion as the solid line in Fig. \13\ without considering its incom- 
plete part. We get a = -1.61 + 0.40, M* = -20.40 + 0.22 and 
0* = (0.89 + 0.30) X 10"^ Mpc"^dex"\ respectively. For easy com- 
parison, the rest-frame FUV LF for LBG candidates in B07 and 
NUV selected galaxies at z ~ 1 by lAmouts et al.l (l2005h are also 
plotted as the dash-dotted histogram with error bars and the dashed 
line in the figure, respectively. We find that our FUV LF agrees 
well with that of B07 for M^gQQ^ < -18.5. It decreases faster for 
M^gooA > -18.5 since the number of LBGs in our sample is 10% 
less and the redshift range is wider in the present paper. We also 
find that the rest-frame FUV LF of LBGs at the bright end well 
matches the LF of NUV selected galaxies at z ~ 1 (lAmouts et all 
l2005l) . And it is lower by a factor less than 2 even at the complete 
magnitude of M^gQQ^ = -19. It implies that most of NUV selected 
galaxies at z ~ 1 are selected as LBGs, in consistence with the 
results obtained by B07. 

For further comparison, previous results of LFs in the rest- 
frame FUV (~ 1500 A) at diff'erent redshifts, together with ours, are 
listed in Table 4. We also plot in Fig. [14] the Schechter functions 
fitted to FUV LFs at diff'erent redshifts listed in Table 4 individu- 
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Figure 14. The best-fit Schechter functions of FUV LFs at different red- 
shifts listed in Table 4, except that of 0.8 < z < 1.2 (lArnouts et'S]l2005l) 
shown in Fig. [13] 



ally, except that of 0.8 < z < 1.2 jAmouts et al.ll2005h shown in 
Fig. [131 As can be seen, our result of M* locates in the trend of 
monotonic fading of M * fro m z ^ 3 to z y 0, i n consistence with 
iReddv & SteideffeOOgh and lOesch et a T (2010'). For the faint-end 
slope Of, our result is similar to that of Amouts et al. (2005) for 
NUV selected galaxies at z ~ 1 an d along the trend that a increases 
with the decreasing of redshift z ('Re ddv & Steide l"2009'). For 0*, 
our result also agrees well with Amout s et al 11^05) within a fac- 
tor less than 2 (see above). Detailed discussions on the evolution of 
FUV LFs can be seen in Reddv & Steidel ( 2009). 

Same as B07, we can also estimate the contribution of lumi- 
nosity density in FUV for the Blue- and Red-LBGs in our sample 
to be 



Pfuv(1800A) = (2.6 + 0.6) x 10^/z(LoMpc-^), 
and 

Pfuv(1800A) = (2.3 + 0.8) x 10^/i(LoMpc-^), 



(1) 



(2) 



respectively. Comparing with B07, the contributions of our LBG 
sample contains 75% FUV luminosity densities in 1800A of the 
total NUV-selected galaxies at z ~ 1. 

3.3 SFRs and stellar masses 

We can estimate the star formation rates (SFRs) of indivi dual LBGs 
accord ing to their rest-frame NUV flux as suggested by iKennicutJ 
(Il998h ). i.e.. 



SFR 



1.4 X IO- 



CS) 



Moyr-i ^ ^ ergs-^Hz-i' 

which is o btained by conv erting the calibration of iMadau et al.l 
(1 19981) to a ISalpetej (Il955h initial mass function with the stellar 
mass range from O.IM© to lOOM©. Dust corrections of individ- 
ual LBGs are taken into account according to their SEDs and the 
extinction law adopted. As discussed in the previous subsection. 



Table 4. Best-fit Schechter parameters of FUV LFs for galaxies at differ- 
ent redshift z including the results of present paper for LBGs at z ~ 1 . 
Refs 1-6 denote the reference of Wyder et al. (2005), Amouts et al. '('2005'), 
Oesch et al.l 12 010). Reddv & Steidd, 12009.) . .Bouwens et al.. 12007.) and 
Bouwens et al.l |2008|) . respectively. 



z 


a 


0*(lO--^Mpc-Mex-^) 


M* 


refs 


0-0.1 


-1.16 ±0.07 


5.50 ±0.14 


-18.23 ±0.11 


1 


0.4-0.6 


-1.55 ±0.21 


1.69 ±0.88 


-19.49 ±0.25 


2 


0.8-1.2 


-1.63 ±0.45 


1.14 ±0.76 


-20.11 ±0.45 


2 


0.7-1.4 


-1.61 ±0.40 


0.89 ± 0.30 


-20.40 ± 0.22 


this work 


1.7-2.1 


-1.60 ±0.51 


2.19 ±0.83 


-20.16 ±0.52 


3 


2.7-3.4 


-1.73 ±0.13 


1.71 ±0.53 


-20.97 ±0.14 


4 


3.8 


-1.73 ±0.05 


1.30 ±0.20 


-20.98 ±0.10 


5 


5.0 

7.3 


-1.69 ±0.09 
-1.74 


9+0-3 

^•^-0.7 


-20.69 ±0.13 
-19.8 ±0.4 
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Figure 15. The dust-corrected SFR distribution of LBGs with the solid and 
dashed histograms denoting all LBGs and LBGs for morphological studies 
in Sect. |5] respectively. 



the dust corrections are on average similar to the median values 
obtained by B07, respectively, for Red-/Blue-LBGs with/without 
lAjim detections. 

The dust-corrected SFR distribution of LBGs at z ~ 1 is plot- 
ted in Fig. [15] as the solid histogram, with the dashed histogram 
denoting the SFR distribution of LBG for morphological studies in 
Sect. [5] It can be seen from the figure that dust-corrected SFRs of 
LBGs range from 4Moyr~^ to 220Moyr~^ with a median value 
of ~ 2 5MQyr~^ The med i an SFR is similar to that of LBGs at 
z ~ 3 dShaplev et al.ll200ll : Isteidel et al.ll2003h. and a bit smaller 
than (compara ble to) those of LBGs at z ~ 5 (IVerma et al.ll2007l) 
and at z ~ 2 (Habe rzettl et al.ll2012 b. Moreover, the mean dust- 
corrected SFR for LBGs in the SB group is 35.9Moyr~\ larger 
than that for LBGs, 21.3 Moyr~\ in the Irr group, as expected in 
the previous subsection. 

Stellar masses of individual LBGs are obtained as follows. 
For an LBG with a given SpT type of the BC03 template, its star 
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Figure 16. Comparison between stellar masses of LBGs obtained in 
the present study (M*) and (M*,const) by taking a constant M^/Lk = 
0.5Mq/Lq^k with the solid diagonal indicating where they would agree. 
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Figure 17. Same as Fig.fTSlbut for the stellar mass M* distribution of LBGs. 



fonnation history is assumed to be exponentially decaying with a 
given timescale r (see Sect. 12.21 and Table [2]). We can calculate its 
mass-to-light ratio, M*/L, for any given bands as a function of its 
age. In the present study, M*/L of the rest-frame ^-band is cal- 
culated. So, stellar masses of LBGs classified as BC03 templates 
can be obtained through their rest-frame ^-band luminosities ac- 
cording to their spectral types (star formation histories) and ages. 
For LBGs classified as Arp220 and CWW types, we calculate their 
stellar masses according to their rest-frame ^-band luminosities. 



taking the M^/Lk suggested by iHuang et al.l ( l2009l) and a simple 
constant M^/Lk = 0.5 Mq/Lq^k, respectively. 

As pointed o ut by the previou s stu dies (e.g., 

Kauff^mann & Charlod Il998l : iBell & De Jon3 1200 ll : IProrv et all 
200i) . the ^-band luminosity of a galaxy is insensitive to its star 
formation history. A simple way to estimate the stellar mass of a 
galaxy is to adopt a con stant mass-to-light ratio in ^-band, e.g., 
MJLk = 0.5Mq/Lq^k dZheng et all l2007h . since MJLk varies 
very slowly for young stellar populations and increa ses within a 
factor of two for stellar populations older than ~3Gyr (jProrv et al.l 
[^04). Comparison between stellar masses of LBGs obtained in 
the present paper (M*) and (M^ const) by simply taking a constant 
MJLk = 0.5Mq/Lq^k for all LBGs is plotted in Fig. [16] It can 
be seen from the figure that stellar masses obtained by these two 
methods are in good agreement with each other within a factor of 
2, since ages of LBGs in the present study are younger than 1.5Gyr. 
This also further confirms that rest-frame ^-band luminosity is 
a good indicator to estimate ste llar mass of a ga laxy, especially 
when its age younger than 3Gyr (jProrv et al.ll2004h . 

The distribution of stellar masses for LBGs at z ~ 1 is 
shown in Fig.[T7]as the solid histogram. Same as Fig. [15] the cor- 
responding distribution of LBGs for morphological studies in Sect. 
[5] is also plotted as the dashed histogram. We can see that stellar 
masses of LBGs in our sample distribute from 2.3 X 10^ M© to 
7.7 X 10^^ Mo, with a median value o f - IO^^Mq which is a bit 
smaller than those for LBGs at z ~ 2 (iHaberzettl et al.ll2012l) and 
at z ~ 3 ('Shapl ev et aDl200ll : IPapovich et al."200l'). and about a 
factor of 10 bigger than that of LBGs at z ~ 5 ( Verma et al. 2Qo3). 
Moreover, the mean stellar masses for Red-LBGs in the SB and Irr 
groups are 6.6 x lO^^M© and 7.8 x lO^^M©, larger than those of 
7.7 X 10^ Mo and 1.7 x lO^^M© for Blue-LBGs in the SB and Irr 
groups, respectively. This is consistent with the discussions in the 
previous subsection that Red-LBGs are on average brighter in their 
rest-frame NIR, i.e., more massive in stellar masses, than Blue- 
LBGs. 

The correlation between SFRs and M* for LBGs in our sample 
is shown in Fig.[T8]with dots, crosses and squares denoting LBGs in 
the SB, Irr and EST groups respectively. LBGs of individual groups 
show clear trends that SFRs increase with the increasing of M». 
Studying IR SEDs of galaxies at < z < 2.5 in detail, Elbaz et al.l 
(^01 1) established a prescription of the "main sequence" for star 
forming galaxies with the uncertainty of ~ 0.3dex (i.e., a factor of 
2) and defin ed starbursts a t diff'erent redshifts. Similar result is also 
obtained by Is argent et all (2012). For comparison, we plot in Fig. 
[T8]the lower limits of the defined starbursts (Eq. (14) in lElbaz et al] 
.2011) at z - 1.4, 1, and 0.7 as dash-dotted, solid and dotted lines 
for illustration, respectively. For a given line in the figure (i.e., a 
given redshift), its upper-left part denotes the starburst region and 
its lower-right region within a factor of 4 in SFR (y-axile) of the 
line denotes the "main sequence" of star forming galaxies. 

It can be seen from the figure that LBGs in the EST and Irr 
groups distributes along the "main sequence" of star forming galax- 
ies suggested bv lElbaz et al.l (1201 ih , with the considerations of un- 
certainties and the redshift range. Most of LBGs in the SB group 
locate in the "starburst" region, away from the "main sequence". 
It is in consistence with the spectral type classifications of these 
LBGs during SED fittings. Distances to the "main sequence", i.e., 
the inverse way of star forming timescales, increase on average 
for LBGs from the EST, Irr to SB groups. Farer distances to the 
main sequence imply more dramatic in star formation. Because two 
thirds of LBGs are classified in the SB group, it means that LBGs 
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Figure 18. The correlation between the SFRs and M* for LBGs with dots, 
crosses and squares denoting LBGs in the SB, Irr and EST groups. The 
lower limits of the defined starbursts (Eq. (14) in Elbaz et al. 2011) at 
z = 1.4, 1, and 0.7 are plotted as dash-dotted, solid and dotted lines for 
illustration, respectively (see text for details). 
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Figure 19. (Upper panel) Similar to Fig.[T8]but for the correlation between 
sSFR and M* for LBGs with the dashed and solid lines denoting the obser- 
vational limit of NUV < 26"^. 2 and the simple least square fit to the data; 
(Lower panel) Results of least square fit to data at diff'erent redshifts (see 
text for details). 



Figure 20. The distributions and the corresponding density contours for 
LBGs in the SB (upper panel) and Irr (middle panel) groups, respectively, 
in the diagram of rest-frame color U - B\s stellar mass M* . Contours from 
outside to inside correspond to the mean number densities of LBGs, and the 
over-dense contrasts of 2 and 3 times of the mean densities, respectively. 




Figure 21. Images of three "chain" LBGs with their UV IDs of 60187, 
75408 and 43975 in B07 from left to right. The upper and lower panels 
denote the images in F606W and F850LP, respectively. 



are dominated by active star forming galaxies from either a spectral 
type or a star forming timescale point of view. 

It is interesting that median M* ofLBGs increases very rapidly 
from z ~ 5 to z ~ 3 and then varies slowly to z ~ 1 while me- 
dian SFRs are similar for LBGs at different redshifts (see above in 
this section) If we sim ply extrapolate the pre scription suggested by 
lElbaz etaLl (l201lh and lSargent et all (l2012h to z > 2.5, the "main 
sequence" of star forming galaxies changes by a factor of ~ 3.5 
while the median SFR/M* changes by a factor of ~ 10 from z ~ 5 
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Figure 22. Same as Fig.|2T]but for three "spiral" LBGs with their UV IDs Figure 25. Same as Fig.|2T]but for three "bulge" LBGs with their UV IDs 

of 47798, 36485 and 59934 in B07 from left to right, respectively. of 69074, 57264, 54502 in B07, respectively. 



1^ 




Figure 23. Same as Fig.jlTlbut for three "tadpole" LBGs with their UV IDs 
of 79716, 81474 and 73352 in B07 from left to right, respectively. 



to z ~ 3. It implies that the star formation mode for LBGs at z > 3 
might be mainly starburst with the significance increasing with z. 
And it might evolve to be more significant to the quenching mode 
after z ~ 3. This possible picture is in consistence with t hat th e 
epoch of major mergers ends at z ~ 2 (Conselice et al. 2003, 
We suggest that fraction of starburst galaxies increases with redshift 
for LBGs at z> 3. 



Figure 24. Same as Fig.[2T]but for three "clump" LBGs with their UV IDs 
of 78053, 36914, 58532 in B07, respectively. 



3.4 The "downsizing" effect 

The correlation between specific star formation rates (sSFR), i.e., 
SFR/M*, and stellar masses of LBGs is plotted in the upper panel 
of Fig. [19] with the same notations of points as Fig. [18] Dashed 
and solid lines, respectively, denote the observational limit of 
NUV < 26"^. 2 and the simple least square fitting to the data with 
the slope of -0.68. A clear trend for LBGs can be seen from the 
figure, i.e., the "downsizing" eff'ect, that sSFR decreases with the 
increasing of stellar mass M*, except the observational limit in 
NUV. It can be found also from the figure that the significance 
of this "downsizing" eff'ect decreases for LBGs from the SB, Irr to 
EST groups. It is in consistence with that distance to the "main 
sequence" decreases for LBGs from the SB, Irr to EST groups 
(see the previous subsection). The "downsizing" eff'ect indicates 
that LBGs with less massive stellar masses build up their stel- 
lar blocks relativel y fa ster. This eff'ect has been already found by 
IZheng etaLl(l2007l) andlBuat et al. ( 2 08) for star formi ng galaxies 
at z < 0.9 (see a l solElbaz et al.ll2007hJRodighiero et all Jioiol) and 
iGmppioni et al.l (|2010l) for galaxies at z ~ 2. 

Usually, the "downsizing" eff'ect can be parameterized as 
sSFR oc M~^, with y ~ for the extreme case of the quenching 
(quiescent) star formation. Together with the observed correlation 
between sizes R - stellar masses M* for galaxies, the "downsizing" 
eff'ect in fact has many physical implications for galaxy formation 
and evolution, especially closely relating to structure parameters 
of galaxies, such as compactness and surface densities of galaxies. 
More qualitatively discussions are as follows. 

The observed correlation of R-M^ for galaxies can be de- 
scribed SiS R oc M^. For active star formation galaxies, su ch as merg- 
ing g alaxies, /3 ~ 0.2 at the redshift range of ^ z ^ 3.5 JShen et al.l 
[2003l : lMosleh et al.l201ll : llchikawa et al.l2012l) . For quenching star 
formation by gas accretion such as local quiescent galaxies, mean 
stellar surface densities in central regio ns of galaxies d isplay a 
small dynamic ranges, i.e., with /? ~ 0.5 dShen et al.ll20"o3 . see also 
[chang et al. 2010). 

If we simply assume that sizes of stellar and star formation 
distributions of a galaxy are similar (see also in Sect. |5), we obtain 
R oc SFR^/^^-^\ In the case of LBGs dominated by star forming 
galaxies, R ~ SFR^^ with y ~ 0.68 and ~ 0.2. It implies that 
LBGs with larger SFRs are on average more compact for their star 
forming regions, which is consistent with the existence of a very 
weak correlation with scatters between Sersic indices /sizes in the 
F606W images and SFRs for LBGs in Sect. [O] and lElbaz et all 

if). Furthermore, for the mean SFR surface density, i.e., the 
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mean res-frame UV brightness, in the central regions c of a 
galaxy, we have E,,, oc SFR^-^^^^^-^^ For a ~ 0.68 and /3 ~ 0.2 
in our case for LBGs, oc SFR~^^. It implies that mean rest-frame 
UV surface densities in central regions of LBGs display a small 
dynamic range, i.e., insensitive to their total SFRs, which is consis- 
tent with the previous studies on the surface brightness for LBGs at 
z > 3 and star forrning galaxies at z < 1. 1 (iGiavalisco et al.|[l993 : 
iBarden et all l2005l : lAk i vama etaD l2008h . So, if we simply take 

to be constant for LBGs, their R - relation at z ~ 1 can 
be directly resulted from the "downsizing" fitting with the slope 
/3 ~ 0.68/2 = 0.34. This is consistent with the slopes of ~ 0.36 for 
the correlations obtained in Sect. |6] between sizes in F606W and 
F850LP and stellar masses for LBGs, respectively (see Fig.l30l). 

It is interesting to compare the "downsizing" eff'ect of our 
LBG sample with other previous studies on star forming galaxies 
at diff'erent redshifts from z ~ 0.3 to z ~ 3, which is shown in the 
lower panel of Fig. [19] For simplicity, lines of least square fitting 
results to data are presented in the figure. From top to bottom, lines 
denote results of z ~ 3, 1.4, 1, 0.9, 0.7, 0.5 and 0.3 with the slopes 
y of 0.68 , 0.67, 0.68, 53, .45, 0.32 and 0.25, respectively. Data 
are from "Zhens etaL] tOOlh for z ~ 0. 3, 0.5, 0.7 and 0.9, f rom 
IPunne et al. (2009) for z ~ 1.4 and from lMagdis et al ] (l2010ah for 
z ~ 3, respectively. 

As can be seen from the figure, the significance of the "down- 
sizing" eff'ect for star forming galaxies increases, i.e., slope y in- 
creases, with redshift till z ~ 1. And it is very interesting that slope 
y remains unchanged for z ^ 1. According to the analysis above, 
it implies that distributions of star formation for galaxies are on 
average less and less compact after z ~ 1 while they show simi- 
lar compactness before z ~ 1. Since star formation is dominated 
by galaxy merging at high z, this also implies that galaxy mergers 
become rare after z ~ 1. Although slope y decreases from 0.68 at 
z ^ 1 to 0.25 at z ~ 0.3, the power index of the mean star formation 
activities in the central region of a galaxy |1 - 2/3/(1 - y)\ < 0.5. 
It implies that mean central rest-frame UV surface brightness of a 
galaxy is not sensitive to its total SFR. 



3.5 Colors and stellar masses 



Base d on the DEEP2 JPavis et alJl2003l) and the COMB 0-1 7 sur- 
veys, iFaber et al studied in detail LFs of galaxies to z ~ 1 . 
Their sample contains 39,000 galaxies in total with 15,000 beyond 
z = 0.8. They found that galaxies display clear bimodality in the 
plane of rest-frame color U - B \s stellar mass, i.e., the "red" se- 
quence and the "blue" cloud. The number and total stellar mass of 
blue galaxies have been substantially constant since z ~ 1, while 
the number densities of red galaxies (near L*) have significantly 
increased. Some modes of how galaxies evolve from the "blue" 
cloud to the "red" sequence are suggested. Because the results of 
iFaber et al.l (l2007h provide strong constraints on galaxy formation 
and evolution, many eff'orts have been done since then, together 
with discussions on the "green valley" between the "blue" cloud 
and t he "red" sequence (Cattaneo et al. 2010, Cortese & Hu ghesI 
20091 ISchawinski et all l20ld ISkelton. Bell & Somervilld l2oTQr 
Lemaux et aDl2 012'). 



We plot in Fig.[20lthe distributions and the corresponding den- 
sity contours for LBGs in the SB (upper panel) and Irr (middle 
panel) groups, respectively, in the diagram of rest-frame color U-B 
vs stellar mass M*. Contours from outside to inside in the figure 
correspond to the mean number densities of LBGs, and the over- 
dense contrasts of 2 and 3 times of the mean densities, respectively. 
The lower panel in the figure shows the mean values and the cor- 



responding standard deviations for LBGs in the SB and Irr groups 
respectively. Results for LBGs in the EST groups are plotted in the 
lower panel as dashes just for simple illustration. For easy com- 
parison with Faber et al. (2007), solid lines in the upper and middle 
panels of the figure correspond exactly the posit ion and direction o f 
the major axile of the "blue" cloud in Fig. 10 of lFaber et al.l(l2007h . 
The rest-frame color U - B is in Vega system and the stellar mass 
in the x-axile decreases from left to right. 

We find from the figure that LBGs in our sample locate in the 
"blue" cloud, in consistence with that they are star forming galax- 
ies selected by rest-frame UV luminosities. LBGs in the SB group 
spread a wider range in stellar masses as also seen in Fig. [18] It is 
interesting that most of LBGs locate in the lower part if we divide 
the "blue" cloud into two parts along the major axile. It implies that 
LBGs on average display lower dust attenuation than star forming 
(blue) galaxies selected by the other methods. This is in consis- 
tence with the analysis of dust properties for star forming galax- 
ies bv lBuat et all ( l200ll2012hJReddv et all ( l2012l) . and the refer- 
ences therein. Although the number of LBGs in the EST group is 
too small to have statistical significance, there shows a clear trend 
that LBGs of earlier types are on average redder and more massive 
in stellar masses. As claimed by Conselice et al. (2003, 2011), the 
epoch of major mergers ends at z ~ 2. LBGs at z ~ 1, especially 
starburst types with low stellar masses, seem have to maintain their 
star formation activities for a relative long time so that they can 
evolve to have masses as the local L* galaxies at present day. We 
suggest that LBGs at z ~ 1 evolve along the "blue" cloud and then 
arrive in the "red" sequence as red galaxies finally. Other mecha- 
nisms have been also in vestigated, such as the re-merging processes 
in particular at z ~ 1 bv lFirmani et al.l (l2010h . 



3.6 Summary of the photometric properties 

We list detailed photometric properties of 383 LBGs in our sample 
at the redshift range of 0.7 < Zp < 1.4 in Table [5] The first to the 
third columns denote their corresponding IDs of individual LBGs 
in UV from B07, and from the COMBO 17 and MUSYC cata- 
logs respectively. Re-estimated photometric redshifts Zp of individ- 
ual LBGs together with their corresponding error estimates in 3-cr 
are listed in Column 4. Note that Zp are replaced by spectroscopic 
redshifts Zspe if available except two with bad spectroscopic obser- 
vations (see Sect 2.1). SFRs and stellar masses are in Columns 5 
and 6. Detections of MIPS 24yt/m compiled by B07 are in Col- 
umn 7 with number 99 indicating without detections. Goodness 
of SED fittings (reduced x^) are in Column 8 with resulted spec- 
tral types (SpT numbers) in Column 9. Full table can be found 
at http://202.121.53.133/ZhuChen/ Since figures of SED fittings 
for individual LBGs are not easy to compile in the table, we show 
SEDs of those LBGs for morphological studies in Table 6 together 
with their HS T images (see below). 



4 HST IMAGES FOR THE LBG SAMPLE 
4.1 Images 

The Ga laxy Evolution from Morphologies and SEDs (GEMS) 
survey (iRix et all I2OO4I) together with the central region from 
the Great Observatories Ori gins Deep Survey (GOODS) project 
(iDickinson & GOODSl[200 4l) is centered on the CDF-S area. It is 
90% field of the present study for LBGs that is covered by the 
GEMS and GOODS surveys. So we can find HST optical images 
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Table 5. Detailed photometric properties of LBGs at the redshift range of 0.7 < Zp < 1.4. The first to the third columns denote their corresponding IDs of 
individual LBGs in UV from B07, and from the COMBO 17 and MUSYC catalogs respectively. Re-estimated photometric redshifts Zp of individual LBGs 
together with their corresponding error estimates in 3-cr are listed in Column 4. Note that Zp are replaced by spectroscopic redshifts Zspe if available except 
two with bad spectroscopic observations. SFRs and stellar masses are in Columns 5 and 6. Detections of MIPS 24yum compiled by B07 are in Column 7 with 
number 99 indicating without detections. Goodness of SED fittings (reduce ;^;^) are in Column 8 with resulted spectral types (SpT numbers) in Column 9. Full 
table can be found at http://202.121.53.133/ZhuChen/ 
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for LBGs with very high quality from both the GEMS and the 
GOODS surveys through the coordinates of their optical counter- 
parts to study quantitatively their morphological properties. A brief 
introduction of the GEMS and GOODS surveys is as follows. 

The GEMS is a large-area of 800 arcmin^, two-color in 
F606W (V band) and F850LP (z band), imaging survey with th e 
Advanced Camera for Surveys (ACS) on the HST ( Rix et al.'2004|). 
Centered on the CDF-S, it covers an area of ~ 28' x 28', to a depth 
of mA5(F606W) = 28.3 and mA5(F850LP) = 27.1 in 5cr for com- 
pact sources. In its central (~ 1/4) field, there are 15 tiles that the 
GEMS incorporates ACS imagings from the GOODS project. The 
GOODS is a survey of approximately 300 arcmin^ in two fields 
of the HDF-N and CDF-S. It provides ACS images in four bands 
of F435W(B), F606W(V), F775W(i), and F850LP(z). To assure 
data homogeneity, the GEMS group has reduced the first epoch 
of GOODS-S data at the center of the overall GEMS area taking 
exactly the same processes as the reduction for the GEMS data, al- 
though GOODS images are a bit shallower than those of the GEMS. 
Details of the GEMS0 and GOODsEI surveys can be found from 
their websites, respectively. 

According to the coordinates of optical counterparts of indi- 
vidual LBGs through the cross-identifications in Sect 2, we find 
336 LBGs in the GEMS and GOODS-S fields. The number frac- 
tion of LBGs within the fields of the GEMS and GOODS-S sur- 
veys is similar to the fraction of the sky coverage. It implies that 
morphological studies of these 336 LBGs can represent all LBGs 
of our sample. Images of F606W and F850LP from the GOODS-S 
and GEMS surveys can be downloaded from the GEMS website^ . 
In the overlapped region between the GOODS-S and the GEMS 
which is a small fraction, images with better qualities are chosen. 
Note that for our LBG sample at redshift 0.7 < z < 1.4, images of 
F606W intense to represent star-forming regions while images of 
F850LP mainly reflect distributions of colder stars. 

4.2 Visual classifications of morphologies 

In the present subsection, an image gallery of LBGs in variety of 
shapes with classifications by eye is established firstly. We cut areas 
of 5'' X 5'' individually as counter images of LBGs centered on 

^ http ://archive . stsci . edu/prepds/gems/ 
^ http://www.stsci.edu/science/goods/ 




1 2 3 4 5 6 



n 



Figure 26. The distributions of Sersic indices n for 142 LBGs with reli- 
able GALFIT results in F606W and F850LP as the hatched and empty his- 
tograms, respectively. 

their COMB 0-1 7 coordinates. Since LBGs in our sample are at 
z ~ 1, images of 5'' x 5'' (corresponding to 40kpc x 40kpc at 
z ~ 1) are large enough t o study their morpholog ies. The widely 
used software SExtractoJfl (iBertin & Amoutsll996h is performed to 
detect LBGs in images with the detection threshold being chosen as 
3cr for F606W and F850LP respectively (see also in next section). 
As pointed out by C aldwell et all ([2008), the GEMS can rehably 
detect most of COMBO 17 galaxies with magnitudes R < 24 and 
its detection ability decreases significantly for objects with R > 24. 
Since there are 59 LBGs in the GEMS and GOOD-S fields with 
their R band magnitudes fainter than 24, images of some LBGs 
locating within the GEMS and GOODS surveys are missed. 



^ http ://www. astromatic.net/software/sextractor 
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Figure 27. Comparison between Sersic indices for LBGs obtained in 
F606W and F850LP bands with dots, crosses and squares denoting LBGs in 
the SB, Irr and EST groups respectively, while the solid line denotes where 
they would agree. 
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Figure 28. The distributions of sizes for 142 LBGs with reliable GALFIT 
results in F606W and F850LP as the empty and hatched histograms, respec- 
tively. 



Totally, there are 309 and 279 LBGs detected by SExtractor 
successfully in their F606W and F850LP counter images, respec- 
tively, with 277 LBGs being commonly detected in both bands. 
That more LBGs detected in F606W is consistent with that LBGs 
are bright in F606W, since they are star forming galaxies at z ~ 1 
and the depth of F606W is a bit deeper. Spatial distributions of de- 



tected/undetected LBGs in the GOOD-S and the GEMS fields are 
roughly the same. It implies that the slightly diff'erent observational 
depths between GOODS and the GEMS do not influence the fol- 
lowing morphological studies for our LBG sample. 

For easy comparison, LBGs detected in images of both bands 
are taken for morphological studies in the present paper. For 59 
LBGs undetected or only detected in one band, they display low 
SFRs/stellar masses as expected. Most of them are classified as 
starburst type LBGs, in consistence with Fig. [18] For visual clas- 
sifications of LBGs m orphologies, we follow the prescriptions of 
[Elmegreen et al." [2W9). Note that two LBGs with their UV IDs 
of 74154 and 81517 in B07 are found to have many bad pixels in 
their images in both bands although they are detected by SExtrac- 
tor. These two LBGs are ruled out from the following morphologi- 
cal studies. 

It is found by eye that 10 LBGs show anomalous morpholo- 
gies, which display very chaotic shapes, chain-like structures and 
contain multiple bright knots. These LBGs are classified visually as 
"chain" LBGs in the present paper. As examples, images of three 
"chain" LBGs in F606W and F850LP are displayed in Fig.l2T]re- 
spectively. Several bright knots of star forming regions in images 
for "chain" LBGs suggest that they are ongo ing merging processe s 
in a very young and active dynamical stage (I Abraham et al.|[l999h . 
Their visual morphologies are consistent with their spectral types 
of starbursts or irregulars with relatively high star formation rates 
and massive stellar masses. 

7 LBGs can be clearly seen by eye in their counter images of 
both bands as large spiral galaxies individually with two prominent 
components of disks and bright central bulges. These galaxies are 
classified as "spiral" LBGs with examples shown in Fig|22] It is 
found that all of them have high SFRs and massive stellar masses 
being classified in the EST group as "Sbc/Scd/E" type galaxies dur- 
ing their SED fittings in Sect. 2. 

It is also easily found that 23 LBGs clearly show very close 
companions in their images of either F606W or F850LP band. We 
call these galaxies "tadpole" LBGs with three examples shown in 
Figs. [23] They are classified as starburst/Arp 220/irregular types, 
consistent with their morphological classifications by eye. 

There are 132 LBGs which display very clumpy star form- 
ing regions spreading wide areas in their images. We call them 
"clump" LBGs with three examples shown in Fig. [24] In fact, they 
are marginally detected by SExtractor. All of them are classified 
as starburst type LBGs with relatively low SFRs and low stellar 
masses which are very similar to those LBGs without detections or 
with detections available in only one band. 

Except the above classified LBGs, the rest 103 LBGs show 
very regular shapes in both of their counter images which are called 
as "bulge" LBGs. Their examples are shown in Fig. [25] In their 
SED fittings, most of them are classified as starburst galaxies. 

Among 277 common detected LBGs in both bands, 224 (81%) 
and 53 (19%) LBGs are classified as Blue- and Red-LBGs respec- 
tively. Although the fractions are similar to the whole LBG sample, 
Blue- and Red-LBGs display very diff'erent fractions in the visual 
classifications. For instance, 4 and 3 Red-LBGs are "spiral" and 
"chain" LBGs. 5 among 23 "tadpole" and 28 among 132 "clump" 
LBGs are Red-LBGs. To be concluded, Red-LBGs are always more 
structured visually than Blue-LBGs. 

We compile the image gallery of 277 LBGs detected in both 
F606W and F850LP in Table 6 with their visual classifications. 
Quantitative studies of the morphological properties are in the next 
section. 
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Figure 29. Comparison between sizes of LBGs obtained in F606W and 
F850LP with dots, crosses and squares denoting LBGs in the SB, Irr and 
EST groups, while the solid line denotes where they would agree. 
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Figure 30. The distributions of LBG and the corresponding density con- 
tours together with the mean values and the standard deviations as error 
bars for different mass bins in the size- stellar mass plans with the results of 
the F606W and F850LP bands in the upper and lower panels. Contours from 
outside to inside in the figure correspond to the mean number densities of 
LBGs and the over-dense contrasts of 2 and 3 times of the mean densities, 
respectively (see text for details). 



5 MORPHOLOGICAL PROPERTIES OF LBGS 
5.1 Morphological analysis 

The powerful software GALFIT with the one-Sersic-component 
model, is adopted to analyze morphological properties of LBGs. 
G ALFIT is a galaxy/point source fitting algorithm developed 
by IPeng et al.l |2002, 2010fl that fits 2D parameterized axially- 
symmetric directly to images. We refer lPeng et all (I2002L I201QI) for 
details. 

In the present paper, we focus on 277 LBGs with images de- 
tected in both F606W and F850LP (see the previous section) bands. 
The Sersic index and the half-light radius, the most important struc- 
ture parameters of a galaxy, are obtained through performing GAL- 
FIT to its image. Simple prescriptions, instead of the details for the 
pro cesses and other parame ters chosen, are as follows. SExtrac- 
tor teertin & Amout slll996^ is applied firstly to individual counter 
images of LBGs to get their initial parameters and mask files re- 
quired by GALFIT, with the detection threshold being chosen as 3cr 
for both F606W and F850LP bands, respectively. The point spread 
function (P SF) adopted here is generated by the Tiny Tim software 
(lKristl l993) which is designed to reproduce the HST modeled PSF. 

Although 277 LBGs with image detected successfully by SEx- 
tractor in both F606W and F850LP can get their Sersic indices and 
half-light radii through GALFIT with the one-Sersic-component 
model, results of half LBGs are not physically reliable. For in- 
stance, the 7 "spiral" LBGs classified in the previous section can- 
not be reliably fitted, since they display at least two components in 
their images. Obviously, the 10 "chain" LBGs cannot be fitted us- 
ing GALFIT, since they show multiple components with diflferent 
shapes. There are 87 among 132 "clump" LBGs with their resid- 
ual images still having several bright knots after GALFIT perfor- 
mance. It implies that they display complicate structures. For an- 
other 5 among 132 "clump" LBGs, they are very faint with low 
surface brightness and detected marginally by SExtractor. So it is 
very difficult for GALFIT to get their true physical parameters sub- 
tracted from the sky background. These LBGs are also excluded 
in morphological studies below although their goodness of GAL- 
FIT seems acceptable. Moreover, two LBGs with their UV IDs of 
74154 and 81517 in B 07 must be ruled out since their images show 
many bad pixels in both bands. Totally, 142 LBGs, consisting of 
127 Blue- and 15 Red-LBGs, have reliable results by GALFIT with 
their images detected in both F606W and F850LP bands. 

It is important to understand if these 142 LBGs can represent 
morphological properties of all LBGs at z ~ 1 without significant 
bias. The distributions of redshifts, spectral types, SFRs and stel- 
lar masses for these 142 LBGs with reliable GALFIT results 
are also plotted in Figs.|9][T0l[T5]and[T7]as dashed histograms, re- 
spectively, to compare with those for all LBGs. It can be seen that 
the distributions of these 142 LBGs are very similar to those of all 
LBGs. So, we take them reasonably as the morphological sample, 
which can represent the whole LBGs sample, to study morpholog- 
ical properties of LBGs below. 

Details of morphological properties of 277 LBGs with im- 
ages detected in both F606W and F850LP bands are summarized 
individually in Table 6. The table consists in two rows for each 
LBG. Column 1 in the first row denotes UV IDs of LBGs in B07, 
which is the same as the first column in Table |5] Columns 2 and 
3 in the first row list Sersic indices in F606W and F850LP with 
their corresponding half-light radii (sizes) obtained by GALFIT in 



|http://users. obs.camegiescience.edu/peng/work/galfit/galfit.html I 
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Columns 4 and 5, respectively. Columns 6 and 7 in the first row 
list indicator flags of GALFIT results and visual classifications of 
LBG images. Note: flag (0/1) denotes a reliable/unreliable result 
of the GALFIT fitting; type (1-5) denotes 1: tadpole; 2: chain; 
3: clump; 4: bulge and 5: spiral LBGs with 6 denoting bad pixel 
images, respectively. In the second row, LBG images detected by 
SExtractor, modeled by GALFIT, and residual images with the up- 
per and lower panels for F606W and F850LP bands are shown re- 
spectively. Figures of corresponding SED fittings are in the right- 
hand side of the second row. Full table can be downloaded at 
|http://202. 12l33ri33/ZhuChen/, 

5.2 Sersic indices and sizes 

The Sersic profile is one of the most popular prescriptions to study 
morphologies of galaxies. The Sersic index n is often used to de- 
scribe the concentration of the light profile for a galaxy. It displays 
a steeper inner profile and a more extended outer wing when n is 
larger. The eff'ective radius r^s describes the size of a galaxy which 
contains its half of the light within reff . Usually, galaxies with n < 2 
and n > 2 are classified as disky types and elliptical types respec- 
tively (see Pen g et al. 2002, 2010 ). 

The distributions of Sersic indices for 142 LBGs, i.e., the mor- 
phology sample, obtained by GALFIT in the images of F606W and 
F850LP bands are shown in Fig.|26]as the hatched and empty his- 
tograms, respectively. It is found that about 80% of the LBGs have 
their Sersic indices smaller than 2 with a median values of around 
1 for both bands. We conclude tha t most LBGs are disklike late 
type galaxies. It is consistent with iBurgarella et al.l (l200d l2008l) 
who suggested that ~ 75% LBGs at z ~ 1 are dis klike after partly 
analyzing their counterparts from GOODS data. iHaberzettl et al.l 
(12012) found similar result that the majority of LBG sample at 
z ~ 2 shows disk-like structure. 

iGiavalisco et al.l (|l996) found that star-forming galaxies 
(LBGs at z ~ 3) in their sample are compact with sizes and 
scale lengths similar to the present-day bulges or intermediate- 
luminosity spheroids, while they are often surrounded by lower sur- 
face brightness nebulosities. However, multi-color morphologies of 
some of their LBGs clearly show similarly irregular. Here deeper 
images with higher resolution and S/N provided by the GOODS 
and GEMS surveys make us possible to get more reliable conclu- 
sions, especially for outskirts ofLBGs which could not be detected 
clearly at that moment and play important roles in morphology 
analysis. 

For a disk galaxy, its central concentration of stars in the space 
distribution always increases with age and that of star formation ac- 
tivity evolves in an inverse way. For interacting disk galaxies, the 
induced star f ormation activities usually occur m ore outskirts than 
their stars (R awat. Wadadekar & De Mellol l2009V Note that Sersic 
indices in F606W and F850LP reflect somehow central concen- 
trations of star formation activities and stars in space distributions 
respectively for LBGs at z ~ 1. It is interesting to compare the 
resulted Sersic indices of 142 LBGs in F606W images with those 
in F850LP images, which is in Fig.[27l Same as in Fig.[T8l LBGs 
in the SB, Irr and EST groups are labeled as difl'erent symbols for 
illustration. 

As can be seen from the figure that LBGs in individual groups 
have similar distributions in the diagram. Most of the disk-like 
LBGs with ngsoLP ^ 2 have their Sersic indices in F850LP larger 
than those in F606W. It implies that their stellar distributions are 
more central concentrated than their star formation activities, sim- 
ilar to the local "old" disk galaxies or interacting disk galaxies. 



Furthermore, LBGs with ngsoLP ^ nF606w ^ 2 might be very young 
disk galaxies according to the analysis above. 

Another important physical quantity obtained by GALFIT is 
the eff'ective radius (size) of an LBG, within which half of its lu- 
minosity is included. As for Sersic indices, we plot respectively the 
distributions of sizes in F606W and F850LP for the LBG morphol- 
ogy sample as the hatched and empty histograms in Fig. |28] It can 
be seen from the figure that the median values of sizes for LBGs are 
2.34 kpc and 2.68 kpc in F606W and F850LP, re spectively, larger 
than the median size of LBGs in UV at z ~ 3 dShu. Mao & Mol 
l200lh and similar to that of local disk galaxies JShen et al.ll2003h if 
the cosmic evolution is simply taken into account as (1 + z)~^ As- 
suming that sizes ofLBGs are resulted from angular momentums of 
their host halos, the Gaussian-like distributions of the logarithmic 
sizes for two bands can be easily explained by the Gaussian distri- 
bution for the spin parameters in logarithm of halos (ICole & LacevI 
1996). 

Same as Fig. |27] comparison between the sizes of LBGs ob- 
tained in F606W and F850LP is shown in Fig. [29] As can be 
seen from the figure that the distributions of LBGs in individual 
groups are similar. For LBGs with rF606w ^ 3 kpc, rF606w agrees 
with rpssoLP well. For LBGs with rF606w ^ 2 kpc, rF606w is often 
smaller than rFgsoLP- It implies that smaller LBGs must display 
more compact in F606W, i.e., more compact star formation regions, 
so that they can have SFRs higher enough to be selected as LBGs. 



6 CORRELATIONS BETWEEN PHOTOMETRIC AND 
MORPHOLOGICAL PROPERTIES 

As mentioned in the previous section, 142 LBGs with reliable mor- 
phological parameters in the fields of the GOODS and GEMS can 
represent all LBGs at z ~ 1 for their morphological studies. Among 
these 142 LBGs, 79, 59, 4 are in the SB, Irr and EST group as 
classified according to their spectral types during their SED fittings 
(see Sect. 3.1). We investigate correlations between their photomet- 
ric and morphological properties in the present section. To limit the 
length of the pager, only figures with strong correlations are shown. 

6.1 Spectral types vs Sersic indices and sizes 

Since the number of LBGs in the EST group is too small to have 
statistical significance, we only focus the discussions on LBGs in 
the SB and Irr groups. The mean Sersic indices of LBGs in the SB 
and Irr groups are 1.30 and 1.43, 1.07 and 1.17 for the F606W and 
F850LP bands respectively. Moreover, the mean sizes for LBGs 
in the SB and Irr groups are 1.82 kpc and 2.15 kpc, 3.09 kpc and 
3.35 kpc for the F606W and F850LP bands respectively. It implies 
that LBGs in the SB group on average show more compact distri- 
butions of both star formation activities and stars than LBGs in the 
Irr group. This is consistent with the implications obtaine d from the 
' 'down sizing" eff'ect in Sect. l3.4l and the recent study of E lbaz et al.! 
(I20T ll). In fact, same conclusion can be drawn from the visual clas- 
sifications in Sec.|4] 

6.2 SFRs vs Sersic indices and sizes 

Since the number of LBGs in the morphological sample is only 
142, we discuss correlations between SFRs and morphological pa- 
rameters, i.e., Sersic indices and sizes, as a whole, instead of group- 
ing LBGs into diff'erent spectral types. It is found that both Sersic 
indices nF606w and sizes rF606w of LBGs in the F606W band display 



20 Z Chen, C. G. Shu, D. Burgarella, V, Buat, J, -S. Huang & Z /. Luo 



weak correlations with scatters of increasing with SFRs. Since im- 
ages of the F606W band represent distributions of star formation 
activities for LBGs at z ~ 1, this impUes that more compact LBGs 
in F 606W on average have higher SFRs. It is also in consistence 
with lElbaz et aP (l201lh and the implication from the "downsizing" 
effect that LBGs with higher SFRs are on average more compact 
(see Sect. El). 

On the other hand neither Sersic indices npgsoLP nor sizes 
^F850LP of LBGs in the F850LP band show any significant corre- 
lations with SFRs with large scatters. This is consistent with that 
images of the F850LP band represent stellar distributions of LBGs 
but their star formation activities. 

6.3 Stellar masses vs Sersic indices and sizes 

Because of large scatters, no significant correlations between Sersic 
indices in the F606W/F850LP bands and stellar masses for 
LBGs can be found. For the F606W band, this can be simply ex- 
plained as its irrelevance to stellar distributions for LBGs at z ~ 1. 
Since images of the F850LP band reflect stellar distributions of 
LBGs, the insignificant correlation between ^f850lp and sug- 
gests that their stellar distributions may have similar profiles. LBGs 
with more massive stellar masses mainly because they have larger 
sizes (see below). This implies that mean stellar surface densities in 
central regions of LBGs are similar to have a small dynamic range 
as their SFR surface densities, which is consistent with implications 
from the "downsizing" eff'ect in Sect. l3.4l 

Finally, strong correlations between sizes rpeoew/^FSsoL? in the 
F606W/F850LP bands and stellar masses M*, i.e., the size-stellar 
mass relations, for LBGs are found and shown in Fig. |30] respec- 
tively. In the figure we plot the distributions of LBGs and the cor- 
responding density contours together with the mean values and the 
standard deviations as error bars for diff'erent mass bins. Same as 
Fig. [20l contours from outside to inside correspond to the mean 
number densities of LBGs and the over-dense contrasts of 2 and 3 
times of the mean densities, respectively. 

It can be found that sizes in the both F606W and F850LP 
bands increase with stellar masses for LBGs significantly. Since 
there is no significant correlation between Sersic indices and stel- 
lar masses, LBGs with more massive stellar masses certainly have 
larger sizes in the F850LP band. The correlation between sizes in 
the F606 band and their stellar masses for LBGs can be easily ob- 
tained from their size - stellar mass relation in the F850LP band 
and the "downsizing' eff'ect in Sect. 13.41 Ignoring the contribution 
of the most massive bin due to few LBGs in Fig. [30l we can eas- 
ily obtain the slopes of 0.37 + 0.04 and 0.36 + 0.04 with the same 
corresponding coefficients of 0.99 for the size-stellar mass relations 
in th e F606W and F850LP ba nds, respective ly. It is in consistence 
with fMosleh et all (l201lh and llchikawa et all ilOlj) . Together with 
the least square fitting for the "downsizing" eff'ect, it is again im- 
plies that the mean rest-frame UV surface densities, i.e., the mean 
SFR surface densities, of LBGs in their central regions display a 
small dynamic range. 



7 CONCLUSIONS 

iBurgarella et al.l (|2007|) defined a preliminary sample of 420 LBG 
candidates, with the completeness ~ 80% down to NUV ~ 24.8, 
at z ~ 1 by FUV - NUV > 2 from the deep GALEX observa- 
tion in the field of the CDF-S according to their photometric red- 
shifts from COMBO- 17. Four confirmed AGNs are included. Al- 



though the global accuracies of photometric redshifts in the both 
COMBO 17 and MUSYC catalogs are pretty high, differences of 
photometric redshifts for LBG candidates between these two cata- 
logs are significant. Together with the MUSYC BVR selected cata- 
log, we re-estimate their photometric redshifts using broader multi- 
wavelength data from UV, optical to NIR by the code Hyperz. Com- 
parisons between re-estimated photometric redshifts and spectro- 
scopic redshifts if available show that our photometric red shift de- 
terminations are fairly good. After carefully cross-identifying LBG 
candidates one-to-one with their optical counterparts and consider- 
ing their re-estimated photometric redshifts and SEDs, we refine a 
new updated sample of 383 LBGs at 0.7 < z < 1.4, with two AGNs 
in this redshift range being excluded. This means that the AGN 
contamination is about 0.5% which is smaller than that of ~ 3% for 
LBGs at z ~ 3 dSteidel et al.ll2003l : lLehmer et al.ll2008h . 

According to SED fittings, 260 and 111 LBGs are classified as 
starburst galaxies and irregulars with 1 1 being classified as Sbc/Scd 
types and only one as an elliptical. To be easily compared by future 
studies, the averaged SEDs of LBGs are presented for SB/Irr types 
and Blue-/Red-LBGs, respectively. The ages of LBGs spread from 
several My r to 1.5Gyr with a median value of ~ 50Myr, com para- 
ble to Habe rzettl et al ](|20li for LBGs at z ~ 2 and Papovich et al.l 
120011) for LBGs at z ~ 3. The median dust attenuations in the 
rest-frame FUV for Blue- and Red-LBGs are 1.7 and 2.5 magni- 
tudes, respectively, in good agreement with the previous study by 
B07. Based on the 1/Vmax method and considering uncertainties 
of individual luminosity bins due to uncertainties of photometric 
redshifts, we obtain the rest-frame FUV luminosity function (LF) 
of LBGs with the completion down to M^gooA - By adopt- 
ing the Levenberg-Marquardt method with the consideration of the 
two dimensional error bars, a Schechter parametrization is applied 
to the LF and we get the best-fit parameters of of = -1.61 + 0.40, 
M* = -20.40 + 0.22 and f = (0.89 + . 30) x 10-^ Mpc'^dex-^ re- 
spectively. According to lAmouts et al.l(l2005h . it implies that more 
than half of the NUV selected galaxies at z ~ 1 are selected as 
LBGs. Simple comparisons with previous studies on FUV LFs at 
different redshifts and brief discussions are presented. 

Dust-corrected star formation rates (SFRs) of LBGs are from 
4Moyr"^ to 220Moyr"\ with a median va lue of - 25MQyr~| 
which is similarto that for LBGs at z ~ 3 dShaolev etani200ll : 
Steidel et a l.ll2003h and a bit smaller t han those for LBGs at z ~ 2 
(Habe rzettl et all l2012 l) and z 5 dVerma et all l2007h . Stellar 
masses of individual LBGs are obtained according to their rest- 
frame ^-band luminosities and the calculated mass-to-light ra- 
tios in K band through their SED fittings. Results are similar to 
those if simply taking a constant mass-to-light ratio in K band of 
M^/Lk = 0.5Mq/Lq^k- Stellar masses of LBGs distribute from 
2.3 X 10^ Mo to 4x lO^^Mo, with a median v alue of - lO^^M^ which 
is comparable t o those of LBGs at z ~ 2 (Haberze ttl et al Il2012h 
and z ~ 3 (Shaplev et al.ll200ll : IPapo"vich et al. 200 li) and a bout 10 
times bigger than that of LBGs at z ~ 5 (IVerma et"aDl2007h . As ex- 
pected, the mean SFR of LBGs in the SB group is larger than that 
of LBGs in the Irr group. The mean stellar mass of Red-LBGs is 
larger than that of Blue-LBGs. 

It is found that LBGs in the Irr and EST groups distribute in 
the SFR-M* diagram along the "main sequence" of star forming 
galaxies suggested by Elbaz et al. (2011') with the considerations of 
uncertainties and the redshift range. Most of LBGs in the SB group 
locate in the starburst region, away from the "main sequence". Dis- 
tances to the "main sequence", i.e., the inverse way of star forming 
timescales, increase from earlier to later spectral types for LBGs on 
average. Since median of LBGs increases very rapid from z ~ 5 
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to z ~ 3 and then varies slowly to z ~ 1 together with that median 
SFRs are similar for LBGs at different redshifts, it suggests that the 
star formation mode for LBGs at z > 3 is mainly starburst with the 
significance increasing with z, and it evolves to be more significant 
to the quenching mode after z ~ 3. This is i n consistence with that 
the ep och of major mergers ends at z ~ 2 JConselice et al. I [20031 . 
l201lh . We predict that fraction of starburst galaxies increases with 
redshift for LBGs at z > 3. 

Taking the observational limit of NUV < 26^.2 into account, 
the "downsizing" eff'ect is clearly found for LBGs at z ~ 1 and the 
significance of the eff'ect decreases for LBGs from the SB, Irr to 
EST groups. Detailed discussions on the implications of the "down- 
sizing" eff'ect for galaxy formation and evolution, especially for the 
structure parameters such as compactness and surface densities of 
galaxies, are presented. Taking the observed size-stellar mass rela- 
tion into account, we suggest that LBGs with larger SFRs are on av- 
erage more compact. Mean rest-frame UV surface densities in cen- 
tral regions of LBGs are sug gested to be ins e nsitive to their SFRs , 
in consistence with .Giavalisco et a D (Il996h . iBarden et al.l (l2005h 
and lAkivama et al.l (l2008h . The size- stellar mass relation can be 
directly resulted from the "downsizing" eff'ect. Comparisons with 
previous studies on the "downsizing" eff'ect at diff'erent redshifts 
are presented. It is found that the "downsizing" eff'ect is more sig- 
nificant with the increasing of z till z ~ 1 • 

In the rest-frame color (U - B)-M^ diagram, LBGs at z ~ 1 
distribute in the blue cloud. It is interesting that most of LBGs lo- 
cate in the lower part of the blue cloud. It suggests that LBGs dis- 
play lower dust attenuation on average than star forming galaxies 
selected by the other methods. This is consistent with Bu at et al.l 
(I2OO5L l2012h . iReddv & Steidel (l2009l) and the references therein. 
Considering LBGs of starburst types with low stellar masses, we 
suggest that LBGs may evolve along the blue cloud and finally ar- 
rive in the red sequence. 

Since the GEMS and GOODS-S surveys by HST covers ~ 
90% of the field of our LBG sample, high quality images in F606W 
(V band) and F850LP (z band) are downloaded from The Mul- 
timission Archive at STScI for morphological studies of LBGs. 
The number fraction of LBGs within the field of the GEMS and 
GOODS-S surveys is similar to the fraction of the sky coverage. 
The counter images of LBGs are analyzed using SExtractor. There 
are 309 and 279 LBGs successfully detected in the images of 
F606W and F850LP respectively, with 277 being commonly de- 
tected in both bands. We establish an image gallery of these 277 
LBGs by visually classifying their images individually as types of 
"chain", "spiral", "tadpole", "bulge" and "clump", respectively. It 
is concluded that Red-LBGs are more structured than Blue-LBGs. 

The powerful software GALFIT of the one-component model 
is applied to LBG images availably detected in both F606W and 
F850LP bands. A morphological sample of 142 LBGs with re- 
liable GALFIT results is established to represent all LBGs. We 
find more than 80% LBGs in the morphological sample with their 
Sersic indices smaller than 2 in both bands. It is concluded that 
LBGs at z - 1 are dominated b y disklike galaxies, consistent 
with iBurgarella et alJ (I2OO6L l2008h . Similar result is obtained by 
iHaberzettl et alJ (l2012h for LBGs at z ~ 2. The distributions of 



half-light radii (sizes) in F606W and F850LP are similar, with their 
median values of 2.34 kpc and 2.68 kpc respectively. If the cosmic 
evolution factor is simply taken as (1 + z)~\ the median sizes of 
LBGs are comparable to the local disk galaxies. 

Correlations between photometric and morphological proper- 
ties of LBGs are investigated. Note that LBGs display strong cor- 
relations between their half-light radii and M*, i.e., the size- stellar 



mass relation, in both ban ds. Similar slopes of 0.03 6 + 0.04 in two 
bands , in consistence with Mosleh et al.l (I2OIII) and llchikawa et al.l 
(l2012h . are obtained with their linear fitting coefficients all to be 
0.99. For Sersic indices, a weak correlations between n^eoew and 
SFRs suggests that more compact LBGs have higher SFRs. In- 
significant correlation between ^fssolp and implies that stel- 
lar distributions of LBGs may have similar profiles. It should be 
pointed out that correlations between photometric and morpholog- 
ical properties for LBGs can be explained through the implications 
of the "downsizing" effect. 
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Table 6. Details of morphological properties of 277 LBGs with images detected in both F606W and F850LP bands. Column 1 in the first row denotes UV 
IDs of LBGs in B07, which is the same as the first column in Table [5] Columns 2 and 3 in the first row list Sersic indexes in F606W and F850LP with 
their corresponding half-light radii (sizes) obtained by GALFIT in Columns 4 and 5, respectively. Columns 6 and 7 in the first row list indicator flags of 
GALFIT results and visual classifications of LBG images. Note: flag (0/1) denotes a reliable/unreliable result of the GLAFIT fitting; type (1-5) denotes 
1: tadpole; 2: chain; 3: clump; 4: bulge and 5: spiral LBGs with 6 denoting bad pixel images, respectively. In the second row, LBG images detected by 
SExtractor, modeled by GALFIT, and residual images with the upper and lower panels for F606W and F850LP bands are shown respectively. Figures of 
corresponding SED fittings are in the right-hand side of the second row with arrows denoting upper limits of the flux detections. Full table can be downloaded 
at http://2 Q2.121.53.133/ZhuChen/ ( 
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